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Abstract 


It remains a quest for modern astronomy to answer what main mechanisms set the star forma¬ 
tion rate (SFR) of galaxies. Massive galaxies presenf a good sfarfing poinf for such a quesf due 
fo fheir relafively easy defection af every redshiff. Since sfars form ouf of cold and dense gas, a 
comprehensive model for galaxy evolution should explain any observed cormecfion befween 
SFR and fhe amounf and properfies of fhe molecular gas of fhe infersfellar medium (ISM). In 
proposed models of fhaf kind, an acfive galacfic nucleus (AGN) phase is offen invoked as fhe 
cause for fhe decrease or cease of sfar formafion. This fhesis consisfs of models and observa¬ 
tions of gas and AGNs in massive galaxies af z ~ 2, and how fhey may affecf fhe overall SFR 
and fhe subsequenf evolutionary frajecfory of massive galaxies fo z = 0. 

In fhis work, a new mefhod and code is presenfed; SImulafor of GAlaxy Millimefer/submillimefer 
Emission (SIGAME), fhe aim of which is fo improve our undersfanding of fhe cormecfion be¬ 
fween emission lines from fhe gas and fhe underlying ISM physics. By posf-processing fhe ouf- 
pufs of cosmological simulations of galaxy formafion wifh sub-grid physics recipes, S f GAME 
divides fhe ISM info differenf gas phases and derives densify and femperafure sfrucfure, wifh 
locally resolved radiation fields. In fhe first study, SIGAME is combined with the radiative 
transfer code LIME fo model fhe specfral line energy disfribufion (SLED) of fhe CO molecule. 

A CO SLED close fo fhaf of fhe Milky Way is found for normal sfar-forming massive galaxies af 
z ~ 2, buf 50 % smaller CO-H 2 conversion facfors, wifh fhe laffer decreasing fowards fhe cenfer 
of each model galaxy. In a second study, SIGAME is adapted to model the fine-structure line 
of singly ionized carbon, [Cll] af 158 pm, fhe mosf powerful emission line of neufral ISM. Mosf 
[Cll] emission in fhe same t 5 rpe of z ~ 2 galaxies is revealed fo frace mainly fhe molecular parf 
of fheir ISM. The observed relation befween [Cll] luminosify and SER af z > 0.5 is reproduced 
and a similar relation is esfablished on kpc scales for fhe firsf fime fheorefically. 

A third study uncovers the presence of AGNs among massive galaxies af z ~ 2, and sheds 
lighf on fhe AGN-hosf co-evolufion by cormecfing fhe fracfion and luminosify of AGNs wifh 
galaxy properfies. By analyzing a large survey in X-ray, AGNs of high and low X-ray luminos¬ 
ify are exfracfed among massive galaxies af z ~ 2 via AGN classificafion mefhods and sfacking 
fechniques in X-ray. If is found fhaf abouf every fiffh massive galaxy, quenched or nof, confain 
an X-ray luminous AGN. Inferesfingly an even higher fracfion of low-luminosify AGNs reside 
in fhe X-ray undefecfed galaxies, and preferenfially in fhe quenched ones, lending supporf fo 
fhe imporfance of AGNs in impeding sfar formafion during galaxy evolution. 
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Background 


Do not feel lonely, the entire Universe is inside you. - _RMm0 

While Europeans were taking their medieval nap, Arabs carried astronomy forward. Not 
only did they collect and combine the astronomy from e.g. Greece, Egypf and India info one 
mafhemafical language, fhey also made confribufions fo fhe Pfolemaic sysfem and creafed in- 
sfrumenfs such as celesfial globes, asfrolabs and large observatories. Their mofivafion was 
mosfly a pracfical one of wanting fo determine prayer fimes and fhe direcfion fo Mecca fo high 
accuracy. Buf whaf mighf fhe Arabs have fhoughf for fhemselves while looking up af fhe sfars? 
While fhis will remain unknown, we now know fhaf mosf of fhaf twinkling in fhe sky comes 
from our home, fhe Milky Way. Sfars in fhe Milky Way are organized in a slowly rofafing disk 
of spiral arms, embraced by an additional spheroidal componenf, fhe bulge. If you are lucky, 
you can even see a diffuse and 'milky' band going across fhe nighf sky, and fhaf is fhe com¬ 
bined lighf from millions of unresolved sfars in fhe Milky Way disk. Whaf you cannof see wifh 
your naked eye, is all fhe gas and dusf ouf of which new sfars are born. Nor can you see fhe 
dark matter, emitting no lighf af all and believed fo inhabif a large sphere embracing fhe Milky 
Way entirely Such assemblies of baryonic and dark matter we call galaxies, and fhe Universe is 
full of fhem. Undersfanding how fhese galaxies form and evolve while making room for lif^ 
is one of fhe fundamenfal aims of modem asfronomy. This fhesis is abouf fhe gas and fhe black 
hole componenf in galaxies. A fheorefical model is developed fo simulate fhe amounf and sfafe 
of gas in galaxies as well as ifs lighf emission in fhe infrared. A separafe sfudy uncovers fhe 
fracfion of massive galaxies dominated by fhe powerful energefics associated wifh fheir cenfral 
black hole, during an imporfanf cosmic epoch. Togefher, fhese projecfs offer a beffer view of 
galaxy evolution and will be useful for predicting and inferprefing fufure observafions. 

1.0.1 Setting the scaee 

The finite speed of lighf is of greaf value fo asfronomers, because if allows us fo look back 
in time. In facf, asfronomical disfances, bofh wifhin and befween galaxies, are measured in 
lighf years (ly; fhe disfance lighf can fravel in 1 year) or parsecs (Ipc = 3.26 ly). On fop of 
fhaf, fhe expansion of fhe Universe causes lighf fo 'sfrefch' as if fraverses fhe greaf expanses 
befween galaxies. The amounf of 'sfrefching' serves as a label on every phofon, saying how 
far if has been fraveling. We call fhis 'fhe redshiff of lighf', z, and often use if as a measure of 


^Persian poet and Sufi mystic of the 13th century 
^In at least one case 
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distance from us or age of fhe Universe. Fig. |l.l| provides a quick callibrafion between age of 
fhe Universe and redshiff. 
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(Big Bang) 


Age of the Universe in giga-years [.Gyr.] 

f \ I- 
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Redshift Z 
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Figure 1.1 A scale comparing age of the Universe with redshift, across its total lifespan of ~ 13.8 Gyr. Note that 
the redshift drops with age in a exponential-like behaviour, meaning that the Universe reached half its age at quite 
low redshift, 2 : x 0.7. Photons decoupled from matter at 2 = 1,100, only ~ 378,000yr after the Big Bang, and that 
is as far back as we can observe. The ages have been calculated according to the now generally accepted spatially flat 
ACDM cosmology mode l, that describes the compos ition of the Universe with just six parameters (fixed here to the 
most recent results by the|Flanck Collaboration et al.||201^. 


1.0.2 The cosmic web oe gaeaxies 


Galaxies are nof evenly disfribufed in space, buf rafher follow fhe underlying cosmic web of 
dark maffer fhaf affracfs fhe gas via gravifafion. Fig. 1.2 is a map carried ouf by|Colless ef al 


(|2001 1 of galaxies close fo fhe MW and ouf to z « 0.3 over a fofal sky area of 2000 deg^ or 


almosf 5 % of fhe fofal sky. Like a Swiss cheese, fhere are regions wifh very low densify of 
galaxies (so-called voids) and ofher regions wifh many galaxies living close fogefher (clusfers) 
cormecfed by filamenfs and sheefs. If has been confirmed by observafions, fhaf in fhe laffer, 
highly concenfrafed regions, galaxies are prone fo inferacf and possibly merge info even bigger 
ones. Galaxies are fherefore nof isolafed sysfems fhaf go abouf fheir own business, buf are 
consfanfly influenced by fheir surroundings via e.g. mergers, fidal shippings and gas inflow 
from fhe Infra Glusfer Medium (IGM). In some of fhe following secfions we will describe fheir 
infernal componenfs and inner workings, freafing fhem as isolafed sysfems, buf one should 
never forgef fhaf galaxies in general inferacf wifh fheir surroundings. 


1.1 'Normal star-forming galaxies' 

Galaxies come in a greaf variefy from confaining few sfars (dwarf galaxies) fo confaining many 
sfars (massive galaxies), from compacf fo exfended, from sfar-forming fo inacfive (quiescenf in 
fhe following) and wifh differenf composifions of sfars, gas, dusf and dark maffer. Thaf said, 
mosf of fhem follow a basic rule: The more sfars fhey have, fhe more sfars fhey form. In ofher 
words, ploffed in a sfar formafion rafe (SFR) vs. sfellar mass (M*) diagram, mosf galaxies fall 
on a power law relafion called fhe 'main sequence' (MS). The evolution of fhis sequence wifh 
cosmic fime has been invesfigafed recenfly by Speagle ef al. ( 2014| who compiled 25 sfudies 
from fhe exisfing liferafure fo find fhaf fhe MS evolves fowards higher SFR as we look back in 
fime. This is shown in Fig. |1.3| wifh besf fifs fo fhe observafions af differenf redshiffs, wifhouf 
ploffing individual galaxies for fhe sake of simplicify. 
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Figure 1.2 Map of galaxies around us and out to z ~ 0.3 from the 2dF Galaxy Redshift Survey by jColless et al. 
|2001| who studied two strips on the sky one in the northern (left) and one in the southern (right) hemisphere. 



Figure 1.3 Main s equence evolu tion. Power law fits to star-forming galaxies in different redshift bins from the 
compilation study of|Speagle et al.|(2014). Shaded areas show an estimated 'true' scatter of 0.2 dex. 


Hence, like in crazy adolescent years, back in the day galaxies used to produce stars at much 
higher rates. The slope of the SFR-M* relations shown in Fig. |1.3| is also called the specific sfar 
formation rate, SSFR = SFR/M*, and with very few galaxies af high-redshiff, if is sfill hard 
fo say whefher fhe SSFR confinues fo rise wifh redshiff or reaches a 'plafeau' ([Behroozi ef al. 
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2013 Speagle et al. 2014| . 


1.1.1 The turning point at z ~ 2 


If one measures SFR per volume, there is a maximum in cosmic SFR density, SFRD, at z ~ 2 
after which it starts to decline again as shown in Fig. 1.4 The epoch around z ~ 2, or about 10 
billion years ago, is therefore an interesting one of phase change and one that we are just now 
begirming to uncover with modem telescopes (see Section [T3). 


Lookback time (Gyr) 



Figure 1.4 The evolution of cosmic SFR density (SFRD) with redshift from the review of 


Madau c& Dickinson 


2014 . 


1.1.2 The case oe 'massive gaeaxies' 


To understand how galaxies evolved since their formation some million years after the Big 
Bang, we need observations of all t 5 rpes of galaxies from high redshift until now. This task 
is impeded by the difficulty of resolving a galaxy very far away, because galaxies start to ap¬ 
pear very dim and small. The degree at which a large survey (such as the 2dF Survey in 
Fig. |1.2| is capturing all galaxies of a certain mass, is referred to as 'completeness'. The state-of- 
the-art Cosmic Assembly Near-IR Deep Extragalactic Legacy Survey (CANDELS), carried out 
with the Hubble Space Telescope (HST), looks all the way back to the high-redshift universe 
(z ^ 8) with observations of different exposure time (depth). But even in the deep fields of 
GOODS-South/North, a t 5 rpical lower mass limit of 10^° Mq must be adopted to ensure 100 % 
completeness for studies going out to z ^ 2.5 (see e.g. Wuyts et al. 2012| . In the smaller Ultra 
Deep Eields (UDEs), CANDELS can reach the same mass out to z ~ 3 due to longer exposure 
time^ ( [Hartley et al. 2013 1 . But galaxies with stellar masses below these limits may exist that 
these surveys are incapable of detecting with available telescopes and integration time. Eor this 
reason, massive (i.e. with high stellar mass) galaxies represent a convenient sample, because 


^see http://candels.ucolick.org/survey/files/ferguson_STUCl102_v2.pdf 
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they are relatively easy to detect at all redshifts. My work concerns mainly massive galaxies, 
so this denomination will occur frequently in the present dissertation and the exact mass range 
will always be defined for each particular sfudy. 


1,2 The Interstellar Medium (ISM) 


Lef's refum for a momenf fo fhe sparkling sfars 
fhaf you may observe on a clear nighf. Whaf 
you can'f see wifh your naked eye is all fhe 
maferial filling ouf fhe vasf spaces in between 
fhose sfars, fhe Infersfellar Medium or ISM. Buf 
if is ouf of fhis mixfure of gas and dusf fhaf 
sfars are bom, fhe sfars fhaf expel heavier el- 
emenfs during fheir explosive deafhs, fhereby 
providing fhe universe wifh fhe atoms fhaf we 
are ultimately made of. Carl Sagan once said 
fhaf 'we are made of starstuff, yef sfars would 
never have been formed had if nof been for fhe 



Dust continuum 
+ molecular line 


Stellar light 


emission 


gas that was already there. Fig. 1.5 shows an 
example of whaf surprises lie in waif once tele¬ 
scopes are funed fo fhe frequencies af which 
fhe gas lighfs up in fhe ISM. The blue image 
is made of stellar lighf emission from fhe An¬ 
tennae Galaxies - fwo colliding spiral galaxies 
abouf 70 million ly away from us - and fhe red 

image is a composife of observations wifh fhe inferferomefric array ALMA (fo be described in 
section [T31. 


Figure 1.5 The Antennae Galaxies, credit: 
NASA/ESA HST for the optical image, and ALMA 
(ESO/NAOJ/NRAO) first science results for the 
observations of gas and dust at sub-mm wavelengths. 


Whefher a cloud of gas in a galaxy can fragmenf and collapse fo a densify fhaf allows fusion, 
i.e. fhe ignifion of a new sfar, depends on fhe properties of fhaf gas. The efficiency by which 
fhe gas forms sfars is characferised by fhe gas depletion time, fdep: 


t. 


dep 


s/SFR 


( 1 . 1 ) 


fhaf is, fhe time if would fake fo use up a cloud of mass mgas if the current SFR stayed constant. 
Naively, one might expect that fdep would be close to the time it takes a cloud to collapse onto 
itself under fhe influence of gravify only, also called fhe free-fall time, tg. Buf observafions 
show fhaf fdep is fypically 1-3 orders of magnifude longer fhan tg, requiring fhe exisfence of 
processes fhaf slow down fhe sfar formation rate resulfing from pure gravifafion. These pro¬ 
cesses are broadly gafhered under fhe term 'feedback' from eifher nearby sfar formation (see 
review by Krumhqlz ef al.j |2014| or fhe powerful radiation from an Acfive Galactic Nucleus 
(see Secfion [T.3.1^ . 

Feedback on sfar formafion is a whole fopic in ifself under fierce explorafion wifh obser¬ 
vafions and fheorefical models. An example of one sfrong t 5 rpe of feedback, is fhe ionizing 
field from young sfars. Sfars of masses > 10 M* emif large quantifies of ionizing photons cre- 
afing large bubbles of expanding hof, ionized gas, fhaf can hif nearby cold clouds and prevenf 
fhem from collapsing in a type of explosive feedback ([Krumholz ef al. 2014 Dale ef al. 2012). 
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However, recent simulations by Dale et al. ( |2012| show that the effect of expanding regions of 
ionized gas in turbulenf clouds depends sfrongly on fhe escape velocities in fhe gas. Fig. |1.6| 
illusfrafes, wifh snapshofs from fheir simulations, how phofoionizafion only has a significanf 
impacf in clouds of escape velocifies, as sef by fhe cloud mass and size, below abouf 10 km s“^. 
This example shows fhaf feedback from sfar formation involves many intercoupled processes. 
Other types of sfellar feedback include fhose of profosfellar oufflows, radiation pressure from 
massive sfars, winds from hof sfars, supemovae explosions and fhe mere fhermal energy in- 
jecfed info fhe gas as gravifafional pofenfial energy is released during fhe collapse. In addition. 


nafure mosf likely combines fhese mechanisms wifh fhe influence of magnetic fields (e.g. Price 
& Bale 2009[ |. 



0.001 0.01 0.1 1 10 10 "^ 10 "’ 10 "’ 10 “‘ 10 “ 
log D (g cm"’) log E (g cm"’) 


Figure 1.6 Left: Column density map of a simulation of star cluster formation in a gas cloud with escape velocity 
> 10km s“’. White dots represent individual stars. Right: The same but for an escape velocity of < 10km s”'^, in 
which case star formation is supressed. Adapted from |Krumholz et al.|j201^ . 

In principle, being able fo observe fhe composition, furbulence, femperafure, densify and 
magnefic fields of fhe same gas cloud fo high angular precision, would provide fhe building 
blocks for uniquely defining sfar formation on small (< 50pc) scales. Therefore, being able to 
characterise the gas in terms of these properties will help explain why some massive galaxies at z ~ 2 
are quiescent while others are even more star-forming than their local counterparts. 

1.2.1 Chemical composition 

Before galaxies formed, fhe universe was pervaded by a primordial gas of only 4 atomic species; 
hydrogen (H), helium (He) and a frace of lifhium (Li) and beryllium (Be), as well as a few of 
their isotopes. These were created from abouf 10 seconds fo 20 minufes affer the Big Ban^ but 
any elements heavier than Lithium and Beryllium had to wait for fhe formafion of fhe firsf sfars 
a few hundreds of million years later, in order to be produced. Today, hydrogen and helium 
continue to be the dominant species found in fhe local ISM of fhe MW, wifh gas mass fracfions 

^see http://www.astro.ucla.edu/~wright/BBNS.html 
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of ~ 71.5% and ~ 27.1% respectively, compared to only 1.4% of heavier elements denoted 
'metals' (e.g. Przybilla et al. 2008| . 

All atoms in the ISM can exist in atomic form or be ionized to several degrees or be com¬ 
bined in molecules of increasing complexity (see |Tielens 2013 for an overview of just how com¬ 
plicated these molecules can get). For the general life of a galaxy however, only a subset of 
these species needs to be considered for the structure and thermal state of the ISM relevant for 
star formation, as we shall see in the next subsections. 


1.2.2 Distribution and density 


Stars form generally in clusters as the simulated one depicted in Fig. 1.6 ( [Krumholz et al. 2014| . 
Such constructions of dense knots and long filaments are collectively called Giant Molecular 
Clouds (GMCs) and are observed to have radii from about 5 to ^ 100 pc in the MW and local 
galaxies ( [Blitz et ah 2007^ . From measuring the broadening of emission lines from the gas and 
converting those into velocity dispersions, one can get an estimate of the mass, by assuming 
the cloud to be in virial equilibirum (jRoman-Duval et al. 2010 : 


Mvir = 


l.SfTv^i? 


Mvir[MQ] = 905 • (cr^,iD[km s ^]) • i?[pc] 


( 1 . 2 ) 


This was done by for example Blitz et al. ( 2007) , who found the mass spectrum shown to the 
left in Fig. 1.7 the data of which can be fitted with a power law of slope —1.71 in the outer MW. 



Figure 1.7 Left: Mass spectrum of GMCs in the MW and local galaxiesjBlite^^^ 200^ Ri^ht : Schematic overview 
of the chemical stratification taking place in the PDR of a GMC, from|Papa3opouTosKn^(2013|. 


The reason why all gas in the galaxy is not neutral and forming molecules, is mainly the 
strong far-ultraviolet (FUV) radiation field from young stars, which ionizes the gas and creates 


a stratification of the ISM as illustrated on the right-hand side of Fig. 1.7 The region of stratified 
layers is also referred to as the Photodissociation Region (PDR). In addition to ionizing, the FUV 
radiation penetrates into the gas and determines its thermal and chemical state. This results 
in a set of distinct phases of the ISM, that have been observationally identified and are listed 


in Table 1.1 After the dense, molecular gas, comes the warm and cold neutral medium, often 
collectively named 'WGNM', and finally, the least dense, ionized gas (Hit). 

If we take a look at the densities listed in Table [id] it is clear that the ISM is in general very 
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Chemical state 

Gas phase 

n [cm ^ ] 

Tk[K] 

Molecular gas 

Diffuse H 2 

~ 100 

~ 50 

(17% of total mass) 

Dense H 2 

10^ - 10^ 

10-50 

Atomic gas 

Warm Hi (WNM) 

~ 0.6 

~ 5000 

(60% of total mass) 

Cold Hi (CNM) 

30 

~ 100 

Ionized gas 

Coronal gas (HIM) 

0.004 


(23% of total mass) 

Hll gas 

0 

1 — 1 

1 

CO 

0 

10^ 


Table 1.1 Gas mass fractions, densities and temperatures of the different phases of interstellar gas, adapted from 
|Draine|j2011) . 


diffuse. You would need a cube of 700 x 700 x 700 mefers of the densest H 2 gas phase (with 
density tt-h ~ 10®cm“^) in order to have the same gas mass as present in Icm^ of air at sea 
level on Earth (with density p « 1-2 kg m“^). 

Gas mass and SFR are related via the Kermicutt-Schmidt (KS) law, which is an observed 
tight relation between surface density of SFR, Ssfr/ and gas, Sgas. As will be explained in 
further detail in Part|^ the line emission from the CO molecule is particularly well suited for 
estimating the total gas mass. The KS-law for low and high- 2 ; star-forming galaxies was esti¬ 
mated by Genzel et al. ( |2010 1 using a large data base of CO line observations and SFRs based 
on several SFR indicators: 


log SsFR [Mq yr kpc ] = 1.17 x log Sgas [M© pc "'J - 3.48 


(1.3) 


However, recent observations show that this correlation might break down already on scales 
of ~ 100 pc ( |Xu et al. 2015) . 


1.2.3 Thermal state 

The thermal state of the ISM is complicated by the fact that the ISM is never in thermod 5 mamic 
equilibrium, but rather always subject to a flow of energy. It is constantly being heated, pri¬ 
marily by FUV radiation from young stars, while radiating away the heat via dust emission in 


the infrared and (mostly FIR) gas emission lines (see Section 1.4 for more on the spectrum of 
a galaxy). To derive the gas kinetic temperature, Tj^, one must therefore consider all relevant 
heating and cooling mechanisms, calculate their energy rates and search for an equilibrium 
temperature. 

Out in the hot, ionized Hll regions (see Table [TT) , gas is heated by photo-ionization of Hi 
gas. FUV photons ionize the hydrogen atoms and the free electrons convert their kinetic en¬ 
ergy to heat via collisions with other gas particles. Cosmic rays are very energetic protons, 
most likely produced in supernovae ( [Ackermarm et ak 2013) , and they represent a second ra¬ 
diation field that can heat the gas and penetrate even further into it than FUV photons due 
to their high energies (~ GeV). Like FUV photons, cosmic rays can ionize the atomic gas and 
release electrons with kinetic energy, but cosmic rays can also interact with the free electrons, 
transferring kinetic energy directly via Coulomb interactions. 

As for cooling, the gas has several options. First of all, emission lines from hydrogen and 
heavier elements, in their atomic and ionized states, can remove a great deal of energy, espe¬ 
cially at Tk > 10^ K. The cooling rates as function of Tk for the most important elements are 
shown in Fig. 1.8 The sudden rise in cooling rate at Tk ^ 10"^ K makes sure that the temperature 
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of the Hll gas hardly ever exceeds 10"^ K. 



Figure 1 .8 Cooling rates of all (black) and individual atoms and ions in the hot ISM as function of temperature. Made 
with the publicly available code of|Wiersma et al.|j2009| which includes both collisional- and photo-ionization, though 
collisional ionization equilibrium (CIE) has been used for this plot. The code takes Tj; and nn as input of which nn is 
set to 0.01 cm“^ here, and solar abundances are adopted. 


In addition to these emission lines, electron recombination with ions can cool the gas, as 
recombining electrons take away kinetic energy from the plasma, a process which is important 
at temperatures > 10^ K (Wolfire et al. 2003 c At similar high temperatures another important 
cooling mechanism is the scattering of free electrons off of other free ions, whereby free-free 
emission removes energy from the gas ( [Draine 2011) . 

Combining all of the above heating and cooling mechanisms, we arrive at one equation that 
describes the balance between the energy rates of heating and cooling: 


Fpi -h For, Hi — -^ions+atoms “t“ Aj-ec + Af_f 


(1.4) 


where Fpi and For. hi are the heating rates for photo-ionization and cosmic ray ionization, 
respectively, whereas Ajons-i-atoms is the combined cooling rate from the elements shown in 
Fig. 1.8 Finally, A^ec and Af_f are the cooling rates due to recombination and free-free interac¬ 
tions as described above. 


In the denser and colder (Tk < 10"^ K) WCNM, other heating and cooling mechanisms take 
over. Rather than photo-ionizing the gas, FUV photons now heat the gas more efficiently via 
the photo-electric effect consisting of a FUV photon knocking loose an electron from the surface 
of a dust grain, with the same net result: The escaping electron can deposit its kinetic energy 
as heat in the surrounding gas. The dominating cooling mechanisms in neutral gas are fine- 
structure line emission from ioinised carbon, [Cll], to be discussed in more detail in Section [ST] 
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in Part|^ and from neutral atomic oxygen, [Ol], leading to the following energy rate equation: 

PpE + rcR,Hi = Acii + Aoi (1.5) 

where Fpe is the heating rate due to the photo-electric effect on dust grains, Acn is the cooling 
rate due to [Cll] line emission and Aqi is the cooling rate due to [Ol] line emission. In addition, 
the Lyman alpha (Ly-a) line of hydrogen at 1216 A is important in the warm part of the WCNM. 

In molecular gas, most of the FUV radiation will be attenuated by dust and self-shielding 
molecules, leaving in some cases cosmic rays as the dominant source of heating. Indeed, it 
has been suggested that cosmic rays control the initial conditions for star formation in regions 
of high SFR density where the sites for star formation might be completely UV-shielded ( |Pa-| 
padopoulos et al. [2011 Papadopoulos & Thij 2013) . The prescription for cosmic ray heating 
per hydrogen atom in molecular gas is in principle different from its form in neutral gas, but 
the two turn out to be very similar ([Stahler & Palla [2005) (though see Glassgold et al. 2012 


who find higher heating rates in molecular gas by a factor 2-3). At increasingly higher temper¬ 
ature, [Cll] line cooling gives way for CO line cooling, and at very high densities (> 10"^ cm“^), 
cooling by interactions between gas and dust particles can become dominating, as the gas ap¬ 
proaches the dust temperature. In molecular gas, line cooling from molecular hydrogen and 
atomic oxygen also contributes to the cooling rate with typically smaller amounts. Summa¬ 
rized in one equation, the thermal equilibrium in molecular gas can hence be approximated 
by: 


PpE -I- PcR.Hj = Ah 2 -I- Aco + Aoi -I- Acii -I- A gas—dust (Ih) 



n(H2) [cm 


Figure 1.9 Heating and cooling rates in molecular gas. The energy rates shown are calculated at the equilibrium 
temperature for that density. Calculated for a CMC of mass moMC = 10"^ M©, solar metallicity, an interstellar FUV 
field of 16 Habing units and a cosmic ray ionization rate of 8 x 10“^® s“^. In the outskirts (low density) of the cloud, 
[Cll] line cooling and photo-electric heating dominate, while in the irmer regions (high density), gas-dust c ooling and 
CR heating take over, of which the latter is proportional to the density and hence a straight line of slope 1 jStahler &| 
|Palla|[2005 . Made with the SI GAME code (to be described in Part|^. 


Fig. 1.9 gives an example of the dominant heating and cooling mechanisms mentioned 
above as functions of density for the interior of a model CMC of mass togmc = 10^ Mq and 


solar metallicity, immersed in an interstellar FUV field of 16 Habing units and a cosmic ray 
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ionization rate of 8 X 10 


1.3 The Active Galactic Nucleus (AGN) 


Apart from fhe gas, dusf, sfars and dark maffer fhaf I mentioned in fhe begirming of fhis in- 
troducfion, fhere is a fiffh componenf in fhe MW: black holes. A particularly big one or 'su- 
permassive black hole' (SMBH) is hiding af fhe very center of fhe MW, and mosf likely every 
galaxy, as if became clear in fhe 90's ( [Magorrian ef al. 1998[ |. 

The sfrong gravifafional pull from a SMBH creafes a rofafing accretion disk of maffer (yel¬ 


low parf in Fig. 1.101 from ifs hosf galaxy. As gravifafional energy is converfed info mechanical 
and elecfromagnefic energy, gas in fhe accretion disk is heafed fo very high femperafures and 


sfarfs fo radiafe fiercefully over a broad range of energies, from radio fo X-ray (see Krawcz 5 mski 
& Treisfer 2013} for a review of fhe irmer workings of fhese cenfral engines). 


Galaxies in which fhe specfra are dominafed by fhis f 5 ^e of cenfral energy source, are called 
Active Galactic Nuclei (AGNs). Observafionally AGNs have been classified info fwo main 
groups; (Seyferf) type I and type II based on the width of fheir opfical emission lines. Type I 
AGNs show sfrong broad emission lines, while t 5 rpe II AGNs have relatively narrow emission 
lines and soffer X-ray emission. In some cases, relativistic jefs are produced perpendicularly 
fo fhe accretion disk and fheir sfrong S 5 mchrofon radiation in radio has led fo fhe classification 
'radio-loud' AGNs. AGNs for which fhe opfical lighf from fhe hosf galaxy is oufshined by fhe 
cenfral disk ifself are dubbed quasars (QSOs). 


1.3.1 Unification models 



Outflow 


{dm = 120°) 


Outflow 


Cone edge 
in H 2 and Ha 


Clumpy 

torus 


Disk 

masers 


Ionisation cone 
(visible, 0, = 90°) 


Disk 


Ionisation cone 
(obscured) 


Figu re 1.10 Drawing, from the review of Bianchi et al. 
(^12|, of the inner engine emitting the strong radiation ot ari 


including the disk (yellow) of matter accreting onto 
the SMBH, the surrounding clumpy torus (brown) and ion¬ 
ization cones (blue), also containing the relativistic jets. 


Over fhe pasf fwo decades, observafions 
have led fo fhe Sfandard Unified Model 
suggesting fhaf fype I and fype II AGNs are 
infrinsically fhe same class of objecfs, buf 
viewed from different angles, as picfured in 
Fig. 1.10 ( jBianchi ef al.j 2012| |. In fhis pic- 
fure, fhe accrefion disk is surrounded by 
a clumpy torus of gas and dusf, and ouf- 
flow is mainly allowed wifhin fhe ioniza- 
fion cone encircling fhe relafivisfic jefs. A 
fype I AGN is a galaxy inclined so fhaf 
we see fhe irmer parfs of fhe accrefion disk 
where high orbifal speeds resulf in rela- 
fively broad lines. A t 5 q)e II AGN is orien- 
fafed so fhaf fhe inner accrefion disk is ob¬ 
scured by fhe clumpy torus and only nar¬ 
row lines from more disfant cold maferial 
can be observed. 

A fighf correlation befween opfical and 
X-ray emission of unobscured quasars sug- 
gesf fhaf all luminous AGNs are infrinsi¬ 


cally also X-ray brighf (e.g. Steffen ef al. 
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2006 Gibson et al. 2008| . But high amounts of obscuring gas and dust in the torus and else¬ 
where in the host galaxy can decrease the X-ray luminosity or change the spectral slope of fhe 
X-ray emission fhaf acfually escapes fhe galaxy, fo be discussed furfher in Secfion 1.3. 1| Al- 
femafive sources for sfrong X-ray emission in a galaxy are High-Mass X-ray Binary sysfems 
(HMXBs), which may be significanf in case of high SFR (|Ranalli ef al. 2003JI, and halos of hof 
gas (Mulchaey & Jelfema 2010|. 


1.4 The "spectral eingerprint' op a galaxy 

The besf way fo measure fhe condifions of gas in fhe ISM is by faking a 'specfral fingerprinf'. 
Fig. |l.ll is a carfoon version of fhe specfral energy disfribufion (SED) of a galaxy if we were 
able fo measure ifs emission from fhe smallesf wavelengfhs (x-ray) fo fhe longesf (~ 1 cm) of 
inferesf for fhe ISM. Furfhermore, fhe SED is shown in fhe 'resf frame' of fhe galaxy rafher 
than in the observers frame, in which fhe SED would be red-shiffed fo longer wavelengfhs if 
the galaxy happened to be at high redshift. The unit is Jansky (= Jy = 10~^^ wt*ich is a 

typical flux unif in radio asfronomy The SED shown in Eig. 1.11 is fhaf of a fypical sfar-forming 
spiral galaxy, faken from fhe publicly available SED femplafes of Kirkpafrick ef al. ( |2012) , wifh 
an addifional imaginafive X-ray flux measurement corresponding to an X-ray luminosity of 
To.5-8keV = 10'‘‘^ ergs/s. 



Eigure 1.11 The SED of a typical star-forming galaxy at z = 0 with indications of the different components con¬ 
tributing to its shape. Also shown are the positions of some important emission lines from the gas, to be described in 
Part|i] The flux has been scaled to the observed 500 fim lum inosity of local gal axies for a mass of lO^'^ Mq as marked 
with a black square (Groves et al.|[20T5) . SED template of [Kirkpatrick etST|(2012} : http :/ /www .astro,umass. 
edu/~pope/Kirkpatrick2012/ 


Eirsf noficeable are fhe fwo 'bumps' af wavelengfhs around 1 pm and 100 pm. The firsf one 
is dominafed by direcf sfellar lighf af ulfraviolef (UV) fo near-infrared (NIR) wavelengfhs. The 
UV lighf is mainly produced by young massive sfars recenfly formed and therefore fraces fhe 
currenf SER well, since massive sfars have relafively shorf lifefimes. On fhe ofher hand, fhe 
NIR flux is primarily consisfing of lighf from old, less massive sfars, making NIR luminosify a 
good fracer of fofal sfellar mass. Good esfimafes of SER and M* can be made simulfaneously 
by fiffing fhe enfire SED wifh sfellar populafion S 5 mfhesis models, fypically only requiring 
assumptions about the initial mass function (IME) of sfars as fhey are born, fhe SER hisfory 
and fhe mefallicify. Eor example, fhe SERs in Eig. 1.4 were creafed assuming a Salpefer IME 
([Salpefer 


T^. 


The second bump is caused by dusf fhaf absorbs lighf af many wavelengfhs, buf if is a 
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particularly powerful absorber of far-ulfraviolef (FUV; ^ 100-200 run) radiafion, which is re- 
emiffed again in fhe infrared (IR; ~ 1-1000 /im), fhus 'reprocessing' fhe emitted sfarlighf. The 
shape of fhe dusf 'bump' can mosf of fhe time be approximafed by a combination of a modified 
blackbody (a 'greybody'), fixed af fhe femperafure of fhe dusf, and a power law in fhe mid- 
infrared (MIR) as described in defail by Casey (|2012| and shown wifh an example in Fig.|1.12 


On fop of fhe dusf peak a few imporfanf gas emission lines are shown, namely fhe CO (blue) 
and [Cll] (red) lines, fhaf will be described in defail in Parf 




Figure 1.12 Examples of how the spectra in MIR to FIR, caused by dust in a galaxy, can be approximated by either 
several 'greybodies' of different dust temperature (left) or one greybody combined with a power law at high energies 
(right). Adapted from|Casey|j2012) who presented the latter, simplified FIR SED fitting technique. 


In order fo analyze fhe gas componenf of a galaxy, fhere are basically two relevanf regimes 
in wavelengfh, bofh of which are indicafed wifh grey areas in fhe figure: 

X-ray regime: Thermal emission from galacfic and exfra-galacfic hof, ionized gas. 

Sub-mm regime: Gas emission lines from colder, more neufral gas. 

This fhesis implemenfs observational and fheorefical fechniques in bofh of fhese regimes, as 
will be summarized in Secfion lZ^ 
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1.5 An exciting time eor observations 


Facilities for observing gas and dust in galaxies accross cosmic time are experiencing a true 
revolution, that is gradually opening our eyes towards normal galaxies at high redshifts. Here, 
I will briefly go through the most important radio and X-ray telescopes in use or preparation. 


1.5.1 Radio Telescopes 

Probably the most impressive effort in this re¬ 
gard has been the Atacama Large Millimeter 
Array (ALMA), even if still under contruc- 
tion. For an idea of its capabilities already 
in 2011 when the first scientific observations 


with ALMA began, see the image in Fig. 1.5 



Figure 1.13 A photo of 19 ALMA antennas as they 
stood ready for the ALMA Early Science cycle. The ar¬ 
ray is located on the Chajnantor Platen at 5000 m above 
sea level in Atacama desert of northern Chile. Credit: 
ALMA (ESO/NAOJ/NRAO)/W. Gamier (ALMA). 


made with only 12 antermas. When completed, 

ALMA will comprise 50 antennas of 12 me¬ 
tres in diameter, acting as a single telescope 
and with a very high spatial resolution thanks 
to the art of interferometry. An additional 4 
12-m and 12 7-m antennas will create a com¬ 
pact array in the centre. Together, the 66 an¬ 
tennas (each weighing > 100 tons!) can be 
moved with special designed vehicles into dif¬ 
ferent configurations with maximum antenna 
distances from 150 m to an astonishing 16 km. 

A more extended configuration corresponds to a higher spatial resolution, but also a lower sen¬ 
sitivity towards larger (more extended) sources on the sky, a trade-off that must be considered 
when planning observations. With bands of high spectral resolution from 312 pm to 3.56 mm 
(and 2 extra bands going down to about 7.4 mm possibly added in the future), ALMA will be 
able to detect [Cll] and CO lines in a normal galaxy at z = 3 in a matter of hours. For the next 
cycle of observations (Cycle 3, starting in October 2015), ALMA is anticipated to encompass a 
total of 48 antermas with most receiver bands available. 

In the Northern Hemisphere, The NOrthern Extended Millimeter Array (N0EMA|^ former 
PdBI) will be, upon completion in 2019, the facility in the Northen Hemisphere that comes 
closest to the capabilities of ALMA, with bands for observing in the 808pm-3.7mm range. 
At longer wavelengths, the Jansky Very Large Array (JVLA) is currently the superior radio 
interferometer, covering from 0.6 to 30 cm with 27 antennas of diameter 25 m ( [Napier 2006| . A 
number of single-dish radio telescopes can also target gas and dust emission at high redshifts; 
the LMT, IRAM-30m, GBT, Onsala 20+25m, ARO, NMA and APEX to name a few. 


An overview of ALMA, EVLA and NOEMA is intended with Eig. 1.14 comparing the po¬ 
sition of their frequency bands with the SED (including [Cll] and CO lines) of a t 5 rpical star¬ 
forming galaxy at z = 2. 

The James Webb Space Telescope (JWST), scheduled to launch in 2018, will be an improved 
version of the famous Hubble Space Telescope (HST, expected to stay in operation until 2020), 
covering 0.6 to 28 pm with the same resolution in NIR as HST has in the optical. 


“http://www.iram.fr/IRAMFR/GILDAS/doc/html/noema-intro-html/noema-intro.html 
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Figure 1.14 The star-forming galaxy SED also used in Fig. 1.11 with the frequency bands of some of the worlds best 


radio interferometers shown in color. The SED has been scaled to 30 /rjy at 3 mm, corresponding to typical massive 
disk galaxies at z ~ 2 jDannerbauer et al.||2009|. The dashed lines in the ALMA bands correspond to 3a after 5hrs 
integration time with the full ALMA. 


Between the long wavelength range of EVLA /ALMA and the shorter of JWST, ground- 
based observations are hampered by atmospheric absorption, but new space missions are 
awaiting approval for advenfuring info fhe MIR 28-312 pm regime. FIRSPEX is a safellife mis¬ 
sion fo confinue fhe success of fhe Herschel Space Observatory (Herschel), thaf ran ouf of fuel 
in 2013. The primary goal of FIRSPEX is fo carry ouf a wide survey of fhe MW in [Cll], [Nil], 
[Cl] and CO(6 — 5]|^ possibly defecfing nearby galaxies as well fhaf are redshiffed info fhese 
bands. SPICA is a similar mission, of ^ 2 orders of magnifude higher sensifivify in fhe FIR 
fhan Herschel and wavelengfh coverage from 5 fo ~ 210 pm ([Goicoechea & Nakagawa [2011). 


1.5.2 X-RAY Telescopes 



To observe an AGN in X-ray, one has fo escape fhe ob¬ 
scuring afmosphere of fhe Earfh, which has led fo many 
space missions since fhe beginnings of fhe 1980's. 

The Chandra X-ray (0.1 — 10 keV) observatory has been 
in orbif around fhe Earfh since 1999, and has dedicated 2 
and 4 Ms fo observing fhe Chandra Deep Field Norfh and 
Soufh respecfively (CDF-N and CDF-S). The large cov¬ 
ering areas of roughly 450 arcmin^ for each have proven 
ideal for defecfing AGNs af redshiffs z « 0.1 — 5.2 ( [Bauer 
ef al. 2004 Xue ef al. 2011|. Similar missions, fhough 


Figure 1.15 An illustration of the upcom¬ 
ing ASTRO-H when in orbit at an altitude 
of about 5-600 km. From the mission home 
page: http : // astro-h. isas . jaxa. jp/ 
en/ 


of lower spafial resolufion, include fhe XMM-Newfon, 
ROSAT and Suzaku. Af higher energies, fhe nuclear 
specfroscopic telescope array Nusfar has been observing 
from space af 3 — 79 keV since 2012. 


The ASTRO-H mission (see Fig. 1.151 is fhe lafesf in a 
long row of Japanese X-ray safellifes, fhough ASTRO-H 
is being developed in a collaborafion between Japanese 
(ISAS/JAXA) and US (NASA/GSFC) insfifufions. If 
will among ofher fhings invesfigafe fhe X-ray reflecfion 
signafures of AGN, wifh increased sensifivify for fhe soff X-rays as compared fo Chandra 


^FIRSPEX webpage: http : / /astrowebl. physics . ox. ac . uk/~dar/FIR/ f irspex4 . html 
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( jReynolds et al. 2014| . Astrosat is India's first dedicated astronomy satellite and has the advan¬ 
tage of allowing simultaneous multi-wavelength observations at UV and X-ray wavelengths. 
It will have two bands for detecting X-rays (3-80 keV and 10-150 keV), and a large effective area 
in the hard X-ray band to facilitate studies of highly variable sources such as AGN ([Paul 2013|. 
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1.6 Galaxy simulations 


With so many coupled mechanisms in a galaxy 
on scales from sub-parsecs to kilo-parsecs, the 
advantage of rurming numerical simulations 
of galaxy evolution has proven tremendous. 
Galaxy simulations can be roughly divided 
into two kinds: Cosmological simulations that 
start out with the small density pertubations 
of dark matter shortly after the Big Bang, and 
more idealized disk simulations that start out 



Figure 1.16 106.5Mpc wide on each side, column den¬ 
sity maps are shown of simulated dark matter (left) and 
gas column densities (right) from 2 = 4 until now (bot- 


with an analytical density profile for the galaxy 
and allow gravitational and electromagnetic 
forces to perturb the galaxy in time. I will focus 
on the former kind as that is what my theoreti¬ 
cal projects build on (see Parts [T| and [n||. 

The series of images in Fig. |1.16| illustrate 
how a cosmological simulation works, with 
snapshots, from high redshift {z = 4) and un¬ 
til now {z = 0), of the dark matter structures 
and the resulting gas mass distribution. In the 
present ACDM cosmological model, dark mat¬ 
ter formed structures (or 'minihalos') before 
baryonic gas could cool and collapse. Cosmo¬ 
logical simulations therefore focus on model¬ 
ing an underlying dark matter structure (left- 
hand side of Fig. 1.161 at the same time as 
the baryonic component of the universe is al¬ 
lowed to condense in these structures via grav¬ 
ity, dissipation and radiation (right-hand side 
of Fig. 1.16| . As the universe ages, filaments 
and knots in the dark matter density distri- 


tom to top). Brightest colors in the column density plot 
correspond to a density of ~ 10^ M 0 /kpc^. The im¬ 
ages are from the lllustris Project - one of the most com¬ 
prehensive cosmological hydrodynamical sim ulations of 
galaxy formation to date jVogelsberger et al.||2014|. The 
recently developed movirig-mesh code AREPO ^Springel] 
|2010| was used to follow DM and gas dynamics. 


bution become more pronounced and infalling 
gas cools enough to form stars and galaxies in 
regions of high concentration. 

The universe is then believed to have pro¬ 
ceeded via hierarchical structure formation, in 
which small gravitationally bound structures, 
such as stars and galaxies, form first, followed by groups, clusters and superclusters of galax¬ 
ies, not to mention the cosmic web in between them (c.f. Fig[g. 

It was soon realized though, that these large-scale simulations with resolutions going down 
to kpc-scales, could not capture the actual physics inside galaxies, where the most important 
processes take place on < 1 pc scales. In particular, simulations on smaller scales proved that 
localized feedback is needed in order to avoid overpredicting the star formation rate and to 
agree with the observed IMF of star clusters ([Tasker 2011} Krumholz et al.} 2011 Hopkins 


Made possible by an increasing computing power and technology, cosmological 


galaxy simulations have seen two big 'revolutions' since their beginning in the early 90's as 
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illustrated in Fig. 1.17 of which we are in the middle of fhe lasf one, fhe 'zoom-in' simulafions. 


1.6.1 'Zoom-in' simulations 


The concepf behind 'zoom-in' simulations is to select a galaxy at low redshift in a cosmological 
simulation of low resolufion (> 1 kpc), and frace fhe parficles (or cells) comprising if back in 
fime fo fhe beginning of fhe simulafion. A re-simulafion is fhen inifiafed wifh much higher 
resolufion, buf only following fhe parficles/cells fhaf end up in the galaxy of inferesf. This 
re-simulafion may fake days or monfhs, buf provides fhe opporfunify fo follow sfar formation 
on realisfic scales, while slaying in agreement with the overall large scale structure. Two com¬ 
putational techniques exist for freafing fhe gas hydrod 5 mamically af fhe necessary resolufion: 
Smoothed Particle Hydrodynamic (SPH) simulations: The gas is represented by particles 
with properties such as mass, density and temperature in addition to a smoothing kernel that 
roughly speaking smears the particles out across a volume in space. Resolution is increased 
simply by increasing the number of parficles while reducing fheir mass in order fo keep mass 
conservation. 

Adaptive Mesh Refinement (AMR) simulations: The gas is divided into cells that can be sub¬ 
divided in areas where higher resolution is needed. All interactions between gas cells take 
place as mass/temperature/pressure exchange through the cell partition walls. 

Examples of SPH codes include Gadget and Gasoline, whereas Art, En zo and Ramses are 
AMR codes. Kim ef al. ( |201 4[| presented, with the AGORA project, a comparison of fhese in 
ferms of resolufion, physics of fhe ISM, feedback and galactic oufflows. Buf see also Springel 
(|2010) for a novel combination of fhe fwo mefhods. 


Three Revolutions in Cosmological 

Hydro Simulations 


1990’: 1st ^ 

^ 2001-2011 ^ 

w 2012- 

Revolution 

^ 2nd Rev. 

^ 3rd Rev. 



First cosmological, but 
coarse calculation 


Resolution-100 kpc 


E.g, Cen '92 
Kaa+ '96 



Larger scale, medium 
resolution w. 

subgrid models 


Resolution- few kpc 



Zoom-in method allows 
much higher res. 


E.g., Nagamine+'01 
Springel & Hemquist '03 


Resolution- 20pc 


Figure 1.17 Schematic overview of the history of cosmologica l galaxy sim ulations and their improvements over the 
past two decades, with references, as presented in the review by|Nagamine|j2014[. 
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1.6.2 The calibration to z = 0 


While the initial conditions for galaxy formation and evolution are relatively strict, by e.g. mea¬ 
surements of fhe Cosmic Microwave Background (CMB), and the final endpoinf is anchored 
wifh z = 0 observafions, whaf goes on in between is less well-defined by observafions. Com¬ 
mon fesfs for fhe evaluation of a cosmological simulafion focus on how well if can reproduce 
fhe observed main sequence and luminosify functions af low- fo high- 2 ;. Alfhough simulafions 
on fhe whole agree wifh observafions, a discrepancy still persisfs af fhe fime of maximum cos¬ 
mic sfar formafion (1 < 2 : ^ 3), where fhe simulafed main sequence is a factor ~ 2 — 3 below 
fhe observed one (e.g. [Furlong ef aT 2014) . Possible explanations include an IMF fhaf changes 
with redshift and galaxy properties (rather than staying fixed fo fhe locally observed one as 
mosf simulafions assume), or feedback from stellar winds, supemovae and AGN fhaf is nof 
properly accounted for in simulafions (e.g. Dave 2008) [Narayanan & Dave 201 2[ Sparre ef al. 


2015). Until more resolved observafions of ISM af 2 : > 2 are obfained, simulations of galaxy 


evolution are forced fo make, and be inhibiffed by, exfrapolafions fo high- 2 : of local ISM physics 
and sfar-formation laws. Some of fhese resfricfions will be discussed in Parf [T| 
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2 


Introduction to this thesis 


2,1 Evolution of massive galaxies across cosmic time 

With the previous brief description of fhe infernal composifion of galaxies and fhe observa¬ 
tional and fheorefical fools used for characferising fhem, we are now ready fo fake a look af fhe 
populations of massive galaxies so far uncovered and the current status on creating a consistent 
picture for fheir evolufion wifh cosmic fime. 


2.1.1 High-redshift massive gaeaxy popueations 

An imporfant facf fo bear in mind when sfudying galaxy evolufion, is fhaf we are never observ¬ 
ing the same galaxy af various epochs in fhe life of fhe universe. Af each redshiff, fhe mosf we 
can do is observe galaxies in a snapshof of fheir lifefime, and offen any evolutionary connection 
between galaxies observed af differenf redshiffs is hampered by differenf selecfion fechniques 
and incomplefeness (we carmof defecf all galaxies af every redshiff, cf. Section 1.1. 2| . 

The ideal way of classifying galaxies af all redshiffs would be fo measure fheir entire SED 
(like fhe one shown in Fig. 1.11| via specfroscopy. Buf since fhis would be very time-consuming, 
clever mefhods have been developed fo firsf selecf a candidafe group of fhe galaxies fhaf mighf 
be of inferesf, and fhen perform high-resolufion specfroscopy on fhese. Such mefhods f 5 rpically 
build on phofomefry - measuring fhe fofal flux through a limited set of phofomefric bands 
by applying fillers fhat only allow cerfain ranges in wavelengfh. For selecting galaxies of a 
cerfain mass, fhe AT-band (cenfered on 2.2 pm in fhe NIR) is particularly useful since if capfures 
lighf from primarily old sfellar populations fhaf dominafe fhe mass budgef of mosf galaxies. 
Therefore, a lower cuf in AT-band luminosify direcfly franslafes info a minimum sfellar mass 
Cimaffi| ( |2003| . Follow-up specfroscopy can fhen defermine fhe redshiff, sfellar mass and SFR 
fo higher precision with SED fitting methods (see Man et al. 2012 Cimatti et al. 2004 for 
applications of fhis mefhod). This mefhod works ouf fo z ~ 4 where fhe A'-band sfarfs fo frace 
resf-frame UV lighf, which unlike NIR or optical, is dominafed by fhe sfrong radiafion from 
young sfars, and is fherefore a fracer of fhe amounf of currenf sfar formation rafher fhan sfellar 
mass. 

Af z > 3, anofher way fo classify galaxies is fypically via fheir currenf amounf of sfar 
formafion. This sfar formafion can be eifher un-obscured, as revealed in resf-frame UV, or - in 
galaxies of high dusf amounf - obscured resulting in high FIR luminosities (dusf continuum 
'bump' in Fig. 1.11|, or a combination of fhe fwo. Two examples of fhe firsf approach are fhe 
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Lyman Break Galaxies (LBGs) and BzK-selected galaxies, whereas the second approach has 
revealed a group of very dusty galaxies, the Sub-mm Galaxies (SMGs) or nowadays. Dusty 
Star-forming Galaxies (DSFGs; Casey et al. 2014) . 


LBGs are selected to have a strong break and reduced flux at the wavelength < A = 912 A. 
This break is caused by neutral hydrogen gas residing inside the galaxy and in the Inter Galactic 
Medium (IGM), absorbing light at wavelengths below 912 A, the threshold for ionizing hydro¬ 
gen. The LBG technique requires that the galaxy be UV bright (relatively star-forming) and 
not dust-obscured ( [Steidel et al. 2003 1 . The advantage of the LBG technique is that it makes a 
preselection of not only SFR but also redshift, by restricting the location of the break. [Carilli 
et al. ( |2008) used a method called 'stacking' (see application of this in X-ray in Part|^, to find 
that LBGs at z ^ 3 have SFRs of 31 ± 7 Mq yr^^, that is, not very high on the MS at that redshift 


(c.f. Fig. 1.31. 


The BzK-selection takes advantage of absorption in stellar atmospheres creating a strong 
break at ^ 4000 A so that three photometric bands {B, z and K) can effectively be used to 
select galaxies at 1.4 < z < 2.5 and roughly estimate their SFR ( [Daddi et al.}[2004) . Similar 
groups of color-selected galaxies are those of 'BX' and 'BM' galaxies, selected via their color in 
the three UV and optical filters 17„, G and TZ ( [Adelberger et alT 2004 Steidel et al. 2004) . The 
color criteria for 'BX' galaxies restricts them to lie at 2.0 < z < 2.5, while the 'BM' galaxies lie at 
1.5 < z < 2.0. Both techniques give rise to slightly higher SFRs than the BzK-selection would, 
as shown by Reddy et al. (2005) using X-ray inferred bolometric SFRs. 


SMGs on the other hand, are selected for 
having a strong rest-frame NIR emission, and 
were first detected with the ground-based in¬ 


strument SCUBA at 850 pm (e.g. Smail et al.} 
1997 Hughes et al. 1998 Barger et al. 1999) , 


soon followed by surveys including the use of 
instruments such as MAMBO at 1.2 mm and 


AzTEC at 1.1mm (jCoppin et al. 

2005 

Chap- 

man et al.[|2005||Greve et al.l|2008j 

Perera et al.) 

2008). The advantage of looking in the rest- 


frame 1 — 3 mm wavelength range at high red¬ 
shift, is that the flux stays roughly the same 
owing to the effect of 'negative AT-correction' 
as illustrated in Fig. 2.1 Due to this effect, 
SMGs have been identified mainly at z ~ 2 but 

5 ([Chapman 


with a tail extending up to 


et al. 


2005 Wardlow et al. 20TT)|Simpson et al. 



3 4 5 6 7 8 910 12 15 20 

REDSHIFT 


Figure 2.1 Observed flux densities for a typical dusty, 
star-forming galaxy as presented in the review byjCaseyj 
|et al.H2014|. Note the nearly-constant flux density in the 
~ 1 mm bands accross 1 < z < 10 redshift range. 


2014 . Converting the high IR luminosities to 
dust-obscured SFRs, implies SFRs of ~ 100 — 1000 Mq yr“^ 
part, SMGs display disturbed stellar morpohologies and/or kinematics as compared to nor- 


I Karim et al. 2013 e For the most 


mal non-interacting rotating disks, suggesting recent or ongoing merger events (e.g. Conselice 


et al. 2003 Chen et al. 2015). The disturbed signatures are backed up by molecular emission 


line observations of clumps of dense and highly star-forming gas in SMGs (e.g. Tacconi et al. 
2008 Riechers et al. 2011 Hodge et al. [2012) 
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2.1.2 Observing galaxies at > 4 via their gas emission lines 


In the early {z > 4) universe, very few normal star-forming galaxies have so far been detected, 
typically via the LBG technique (see Behroozi et al. 2013} for a compilation), and even fewer 
quiescent galaxies have been discovered at z > 2.5, with the most distant ones at z ^ 3 ( |Gobat| 
et al.} 2012 Fan et al. }2013| . Only one galaxy at z > 7 has so far had its redshift determined from 
spectroscopy of its stellar continuum. But the galaxy A1689-zDl at z = 7.5 ± 0.2, has now been 
detected in dust emission with ALMA resulting in a combined (UV+IR) SFR of ~ 12 Mq yr“^ 
( ) Watson et al. 2015} , i.e. a normal star-forming galaxy. In addition to dust continuum, ALMA 
can also detect line emission from the gas, thereby determining redshifts and characterizing the 
ISM at the same time for normal star-forming galaxies (see more on this in the Outlook section 
of Part|^. An example of such an emission line, is [Cll] from singly ionized carbon, which is 
expected to be the most luminous cooling line in neutral gas. We return with a more detailed 
description of [Gll] in Chapter but mention here that at z ^ 5-7, the [Cll] line falls in bands 
6-7 of alma, currently the most sensitive millimeter interferometer by an order of magnitude, 
and therefore a promising tool for detecting [Cll] in normal star-forming galaxies at z ~ 6. 
Indeed, it has been detected in and around normal star-forming galaxies at z ~ 5 — 7 ( )Maiolino 
et al. 2015| Capak et al. 2015| . Our only way of characterizing the ISM ofhigh-z galaxies might very 
well be to observe emission lines from the gas. 


2.1.3 The red and blue galaxies 

The local galaxy population is bimodal in terms of UV-to-optical color, with a distinct group of 
blue, star-forming galaxies and another of red, quiescent galaxies ( )Strateva et al. 2001 Schaw- 
inski et al. 2014) |. This is shown with color-mass diagrams in Fig. |2.2| for low redshift galaxies. 
The connection between color and star formation activity is a result of younger stars having 
relatively bluer colors than old stars, which emit their light predominantly at longer (opti¬ 
cal and NIR) wavelengths. Historically, the red and blue galaxies are also called 'early' and 
'late'-type galaxies from the morphological classification of Hubble} ! 1926) . In general, late type 
galaxies display stellar disks with spiral arms and exponential light profiles whereas the stellar 
light from early-type galaxies (or sometimes named ellipticals) is more concentrated with even 
structures and no clear sign of spiral arms. But detailed observations or their stellar popula¬ 
tions have later shown that this naming makes sense, since the nearby red galaxies most likely 
formed much earlier than the blue ones (e.g. Kartaltepe et al.} 2014} |. As always, dust plays 
an important role and can make star-forming galaxies appear red by absorbing the blue light 
and re-emitting it in the FIR. Indeed Sodre et al. ( 2013) showed that some local galaxies with 
extremely red colors, are reddened by dust more than by older (redder) stellar populations. 


But the diagrams in Fig. 2.2 have been corrected for reddening by dust, by measuring the dust 
extinction in optical light. 

In between the red and the blue group, lies the 'green valley' with very few galaxies. There 
is a discussion about how many of these green galaxies are actually late-type galaxies being 
quenched ( )Pan et aT 2013 Schawinski et al. 2007) and how many are early-type galaxies with 
star formation initiated recently in a sort of 'rejuvenation' ( )Fang et al. 2012) . In Section 1.1 
the main sequence (MS) of star formation was introduced, and Fig. 1.3 showed how the MS 
grows towards higher SFR with redshift. Blue galaxies lie on the MS relation, whereas red 
galaxies lie below and typically at high stellar mass. One of the biggest quest in astronomy for 
understanding galaxy evolution is; Why did blue galaxies form more stars at higher redshift? 
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Figure 2.2 The UV-optical color bimodality of 0.02 < z < 0.05 galaxies, as measured by 

using the SDSS+GALEX+Galaxy Zoo data. The '0.0' in refers to the if-correction of the observed color to z = 0 
(see Sectionp.l.l|. Green lines indicate the 'green valley' in between the two galaxy populations. 


By now, the division into quiescent or star-forming has been observationally confirmed ouf 


fo z ^ 3, ( |Kriek ef al. 2008 Williams ef al. 2009 Viero ef al. 2013 Man ef al. 2014| , leading fo 
a second, equally imporfanf, quesfion: When did the onset of the red sequence take place and what 
caused it? 

2.1.4 Quenching star formation 

AGNs are one of fhe preferred h 5 rpofhesized mechanisms for quenching sfar formafion, as 
radiafion, winds and jefs from fhe cenfral accrefing black hole can remove fhe gas or heaf if 
so fhaf confracfion of molecular clouds cannof fake place (see Fabian|2012 and McNamara & 
Nulsen|2007 for a reviews on models and observafional evidence). A disfincfion is made be¬ 
tween 'quasar mode', by which feedback from an AGN ejecfs all gas from fhe galaxies ( [Granafo 
ef al. 2004||, and 'radio mode', during which powerful jefs heaf fhe circumgalacfic medium fo 
such high femperafures fhaf furfher accrefion of cold gas onto fhe galaxy is prevented ( [Crofon 
ef al. 2006| . Semi-analyfical simulafions, by e.g. Di Maffeo ef al. ( |2005) , show how reasonable 
descripfions of fhe AGN feedback on sfar formafion in ellipfical galaxies can reproduce fhe 
observed local mass funcfion. 

In addifion fo quenching by AGNs (possibly ignited by a major merger), fhe environmenf 
in which fhe galaxy lives is believed fo raise furfher quenching mechanisms. This suspicion 
came from observafions showing fhaf galaxies in clusters are in general more quenched and 
passive fhan field galaxies ( [Verdugo ef al. 2008| . Similar fo AGNs, mosf of fhese proposed 
infernal/exfernal mechanisms have fo do wifh fhe removal, disfribufion or healing of gas, i.e. 
fhe fuel for furfher sfar formafion. This can happen via galaxy-galaxy inferacfions or influence 
by fhe Infra Glusfer Medium (IGM) ifself. The following are some of fhe more popular environ- 
menfal quenching mechanisms, buf see reviews by e.g. Boselli & Gavazzi ( 2006) and Blanfon & 


24 

































































Moustakas (2009 1 for a much more complete overview: i) Harassment, when during close en¬ 
counters or direct mergers, galaxies alter each others' morphology ( [Moore et al. |1998) ; ii) Ram 
pressure stripping, where galaxies traveling through the ICM at high speed have their ISM 
shock-heated and eventually stripped off, ending up in the cluster as seen in observations of 


individual cases and proposed by several simulations (e.g. Steinhauser et al. 2012 Bosch et al. 


2013 Ebeling et al.j 2014| |; iii) Tidal stripping, by which galaxies passing through the ICM feel 
the global tidal field of their host, significantly altering their morphologies ([Villalobos et al. 


2014[ |; iv) Cosmological 'starvation' or 'strangulation', when the hot gas halo around a galaxy 
is removed due to hydrod 5 mamical interactions with the ICM, and further infall of gas is pre¬ 


vented causing the galaxy to slowly run out of fuel on time scales of a few Gyr (Balogh et al. 


2000 Bekki et al. 2002 Feldmann & Mayer[ 2015| ; v) Compactness quenching, as suggested 
by observations of satellites in the outskirts of haloes, that show a strong correlation between 
quenching and compactness of the galaxy ( [Woo et ah 2015) . 

These last t5q3es of quenching mechanisms are also referred to collectively as 'satellite quench¬ 
ing', because they primarily happen to satellite galaxies in a cluster. However, it has been 
hypothesized that satellite quenching and that of AGN (also called 'mass-quenching'), are ac¬ 
tually manifestations of the same underlying process ([Carollo et al. 2014 Knobel et al. 2015). 


2.1.5 Connecting the dots 

The fact that the red sequence is already in place at 2 ~ 2, means that we have to push even 
further out in redshift in order to find the onset of this 'dead' population, and with that, hope¬ 
fully also the 'murder weapon'. In addition, half of the most massive galaxies (M* > IOI^Mq) 
at z « 2 are already compact and quiescent galaxies (GQGs) with old stellar populations (e.g. 
Toft et al. 2007 van Dokkum et aLj 2008 Szomoru et al. [2012) . The stellar spectra suggest that 
major starburst events took place in GQGs some 1-2 Gyr prior to the time of observation, but 


were quenched by mechanisms either internal or external (or both) to the galaxy (e.g. Gobat 


et al. 2012 Whitaker et al. 2013 van de Sande et al. 2013). So far, very few have GQGs have 
been found in the present-day universe (e.g. Trujillo et al. 2009) Taylor et al. 2010) , though see 
also Graham et al. ( [2015) who suggest that GQGs could be hiding in the local universe as the 
bulges of spheroidal galaxies having grown an additional (2D) disk over the past 9-11 Gyr. 

It is still an open question what kind of galaxy evolution leads to the GQGs observed at 
z ~ 2, and how they increased in size, without increasing their SFR significantly, down to 
z ~ 0, for which a size increase by a factor of ^ 3 — 6 is required (e.g. [Trujillo et al. 2006 


Toft et al. 2007 Szomoru et al.| 2012) . Basically, three formation scenarios have been put forth: 

i) Massive GQGs formed in a monolithic way, assembling most of their mass at z > 2 — 3 
and then 'puffed up' (by adiabatic expansion) into the big, red ellipticals we see today (e.g. 
Bezanson et al. [2009 Damjanov et al. 2009) . 

ii) A similar scenario to i), but GQGs enhanced their size from z ~ 2 to 0 by inside-out growth, 
most likely due to merging with other small galaxies (minor merging), following a t 5 rpe of 
hierarchical structure formation like the dark matter ( [Naab et al.||200^ [Qser et al.[|2012) . The 
minor merging scenario is in good agreement with the observed metallicity gradients ( [Kim & 
Im 2013) and stellar kinematics (e.g. van de Sande et al. 2013 Arnold et al.[ 2014) in z = 0 
quiescent galaxies. 

iii) The third possibility, requires a bit more thought. Compared to star-forming galaxies, local 
quiescent galaxies are more massive at the same SFR but also slightly smaller at the same mass. 
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for redshifts out to z ~ 2. This can be seen in Fig. 2.3 which shows the main sequence of 
galaxies, including the quiescent ones below it, from z ^ 0 to z ^ 2. The average size of the 
quiescent population could grow with time simply if recently quenched (larger) star-forming 
galaxies are constantly being added to the sample as time moves forward ([Trujillo et al.} 2012 


Poggianti et al. 2013 Krogager et al. 2014 e.g.). This h 5 rpothesis also goes under the name 
'progenitor bias'. However, Belli et al. ( |2015| l argued that, for at least half of all CQGs at z = 2, 
the increase in size until z = 1.5 must have taken place via growth rather than additions of 
increasingly larger galaxies to the sample. 
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Figure 2.3 Galaxy SFR-mass diagrams in three redshift bins, colorcoded by size which is expressed as a circularized 
effective radius from fitting a Sersic profile to the rest frame visible or NIR depending on redshift. From|Wuyts et al.| 
|2011|, who study galaxies from various large samples, including CANDELS (see Section[i.l.2[. 


The potential quenching by AGNs has led to the 
idea of a fast evolutionary path from compact star¬ 
bursting galaxy at z ~ 3 to a galaxy quenched by AGN 
feedback some 1 — 2 Gyr later and, via size-growth, to a 
larger, however still quiescent galaxy at z = 0. This is il¬ 
lustrated in Fig. |2.4| as an 'early-track' route ( jBarro et al.} 
2013||. In addition, Barro et al. (|2013| suggest a late-track 


evolutionary path, by which larger z ~ 2 star-forming 
galaxies slowly turn off star formation between z = 2 
and z = 0, without passing through a compact phase. 
This idea was expanded upon by Williams et al. (|2014), 



who suggest that massive, compact galaxies take the 
fast route and quench sooner than the normally-sized 
LBGs at z ^ 2 — 3. 

Galaxy mergers present the kind of violent events 
that are required for the 'early-track' route. In partic¬ 
ular, simulations have shown that gas-rich (wet) merg¬ 
ers can lead to bursts of star formation, but that gas is 

driven towards the center via dissipation and may ignite an AGN. Wet mergers can increase 
the stellar mass but leave a more compact remnant, whereas gas-poor (dry) mergers can build 
up a galaxy in mass and size without altering star formation too much (see [Lin et ak 


Figure 2.4 Two suggested evolutionary 
paths from star-forming galaxies at z = 2 — 3 
to quiescent galaxies at z = 0 jBarro et al.) 


2008 
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and references therein). In addition, major mergers are those between galaxies of similar mass 
whereas minor mergers are those in which the stellar masses differ by a factor of at least ~ 4 
( |Man et ah 2014| . 

In order to find the actual progenitors (and descendants for that matter) of the CQGs, we 
have to look outside the MS, consisting of normal galaxies. Fig. 2.5 illustrates an evolutionary 
sequence connecting 2 > 3 SMGs through compact quiescent 2 : ~ 2 galaxies to local elliptical 
ones ( [Hopkins et al. 2006 Ricciardelli et al. 2010 Toft et al. 2014 [Marchesini et alT 2014| . 
Here, gas-rich major mergers in the early universe trigger a short time period (42^g‘’^ Myr) of 
high SFR in the form of a nuclear dust-enshrouded starbursts, that we observe as an SMG. 
That star formation is subsequently quenched either due to gas exhaustion, feedback from the 
starburst itself or the ignition of an AGN. What is left behind, is a compact stellar remnant 
that is observed as a CQG about a Gyr after, at 2 ; ~ 2. Finally, the CQGs grow gradually, and 
primarily through minor merging, into the elliptical galaxies that we observe today. 


6 3 0 
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Gas-Rich Starburst (SMG) (Quenching) Quiescent (Size Growth) Galaxy 
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Figure 2.5 The proposed evolutionary sequence by 
redshift (left) to local elliptical quiescent galaxies (right)' 
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20141 going from major gas-rich mergers at high 


But observations of merger rates in massive galaxies at 2 ; ~ 3 — 0 show that major and 
minor merging is not enough to bring the CQGs to the sizes of locally observed early-type 
galaxies, suggesting that other mechanisms are needed for the size growth ( [Man et ah 2014| . 
And, as summarized in Section 2.1.4 there are many alternative ways to quench star formation 
in addition to the powerful feedback of an AGN. In order to understand evolution of massive 
galaxies at high redshifts, it is fundamental to find out which of these mechanisms dominate 
and when. 


2.2 This thesis 


The two fundamental questions about galaxy evolution, that were posed in the beginning of 


this chapter, in Section 2.1.3 could both be related to the observed main sequence of star for¬ 
mation (MS; see Section 1.11: 

1) ]Nhy does the MS evolve towards higher SFR with redshift? 

2) What causes some galaxies to be outliers to the MS, or 'quiescent' galaxies? 


These issues are illustrated in Fig. 2.6 and compose the focus of this thesis. Stars form out 
of gas, and it would therefore seem natural that these questions translate into: At what rate did 
galaxies acquire and use up their gas mass? The larger part of my thesis focuses on the gas content 
of galaxies, on which the following subsection expands upon. 
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Figure 2.6 Plots showing the MS at various redshifts from Speagle et al. 2014|, illustrating the two open questions 
that need to be answered in order to understand galaxy evolution across cosmic time: 1) Why the MS evolves towards 
higher SFR with redshift and, 2) Why some galaxies are hardly forming stars, creating a group of red, quiescent galaxies 
observed all the way out to redshift 3. Contours in t he left-hand plot show the position of star-forming galaxies at 
1.4 < 22.5 from the NEWFIRM Medium-Band Survey jWhitaker et al.|[2011^. 


2.2.1 All eyes on the gas 


Most of the above-mentioned mechanisms depend in one way or another on gas amount, as 
summarized below: 

• The gas content together with the amount of in/outflow of gas sets the fuel available for star 
formation and thereby a 1st order estimate of how long the galaxy can continue producing 
stars at the current SFR. 

• Removal or heating of this gas is what quenches star formation, and is an important mile¬ 
stone in the life of massive galaxies. 

• Mergers and the resulting triggering of an AGN, are often invoked as a quenching mech¬ 
anism, but the outcome of a merger depends critically on how gas-rich the merging galaxies 
are. 

As mentioned in section [lT| t 5 q 2 ical galaxies spend 95 % of their lifetime since z = 1 within 
a factor 4 of their average SFR at a given M* ( [Noeske et al. 2007| . In light of this, most of the 
evolution in the MS, where galaxies spend most of their lives, might be due to a rising gas mass 
fraction with redshift. The general consensus is that galaxies at higher redshift were definitely 
more gas-rich, but the very few observations at z > 3 make this statement hard to quantify, as 
Fig. 2.7 illustrates. This figure shows the gas mass fraction defined as /gas = Mgas/(Mgas + M*) 
as a function of redshift and reveals the uncertainty in its evolution at z > 2. 

Another topic related to the gas and under current debate, is whether the KS law (intro¬ 
duced in Section 1.2.2| might be different in normal galaxies compared to starburst galaxies or 
mergers, as shown in Fig. |2.8| (though such conclusions depend critically on how the gas mass 
is determined, a topic we return to in Part|^. 

A huge missing piece to the puzzle is therefore knowledge of the gas (and dust) in massive 
galaxies, especially at z > 2. The premonition, shared by several research groups, is that future 
observations of the gas and dust content, morphology and d 5 mamics in high-z MS and quies¬ 
cent galaxies, will solve the puzzle (jCarilli & Walter 2013| Blain 2015||. As put by Glazebrook 
( |2013| : '...we need to consider the fuel as well as the fire'. As mentioned in 1.5 it is now possible 
with radio telescopes such as ALMA, JVLA and NOEMA to access the high-redshift domain 


28 


































Figure 2.7 Evolution of the gas to stellar mass ratio, M^as/M*, with redshift for star-forming disk galaxies with 
M* > 10^0 Mq (Carilli & Wa'I^|2013) . 
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Figure 2.8 The KS law for different galaxy types at high and low redshift from the work of Hodge et al. 
carried out resolved CO(2-l) observations of the 2 : = 4.05 SMG GN20, shown with cyan squares. GJN2t 
icantly above the relation for local MS galaxies (contours). 


2015 


who 


I lies signif- 

together with two other strongly lensed, resolved SMGs 
(magenta diamonds and green triangles), unresolved SMGs (blue crosses and red plus-signs) and local ultraluminous 
infrared galaxies (ULIRGs; black plus-signs). Close to the local MS galaxies are 2 ~ 1.2 massive star-forming galaxies 
(yellow upside-down triangles), 2 ~ 1 — 3 color -selected gala xies (black open circles) and 2 ~ 1.5 BzK galaxies (green 
crosses). See references for these observations in|Hodge et al.|(2015|. 


where the red sequence must have formed. 

To answer the above questions, we not only need to observe the gas at high redshift in more 
detail, we also need to know how to interpret those observations better. 
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2.2.2 Quick summary of my projects 

I have worked on improving our knowledge of the evolutionary state of massive galaxies at 
z = 2, with regard to 3 aspects: 


Amount and distribution of molecular gas in the ISM 

A key species for studying the gas in the ISM was already introduced in Chapter [^(Sec¬ 
tion 1.2.2[ and will be described in detail in Part|^ carbonmonoxide (CO). I used galaxy 
simulations and developed sub-grid procedures that could be combined with radiative 
transfer calculations in order to improve predictions for the use of CO lines to estimate 
the amount and distribution of molecular gas in the ISM of normal star-forming galaxies 
at z ~ 2 (SIGAME, see Part Chapter]^. 


• Tracing SFR on local and global scales 

The line emission of C+ has been used to trace SFR and various phases of the ISM, in¬ 
cluding neutral and ionized gas, but it holds many mysteries with its exact origin still un¬ 
known. Combining galaxy simulations with sub-grid procedures, I developed a method 
for modeling [Cll] line emission in order to study its origin in the ISM, and make predic¬ 
tions for its use as a star formation tracer at z ~ 2 (SIGAME, see Part|^Chapter[^. 


• Importance of AGNs in massive galaxies at z ^ 2 
By analyzing Chandra X-ray data from a sample of galaxies at 1.5 < z < 2.5, including 
the stacked signal from low-luminosity sources, I derive the fraction of luminous and 
low-luminosity AGNs in star-forming as well as in quiescent massive galaxies (see Part 

0 - 


At the beginning of the following chapters some additional background is provided on the 
specific techniques used in the above listed project, and each chapter will be followed by a list 
of references. 
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Modeling the ISM of 2; ~ 2 galaxies 

with SI GAME 
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3 


CO EMISSION LINES FROM GALAXIES 


3.1 Probing the molecular gas 


Due to the high abundance of hydrogen, the most common molecule to find in fhe ISM, is by 
far H 2 . Buf in ferms of observing cold molecular gas, H 2 is practically invisible, because fhe 
lack of an elecfric dipole momenf means fhaf fhe lowesf possible rofafional fransifions of H 2 
are elecfric quadrupole momenfs wifh very high energy. The firsf rofafional transition, S(0), is 
at 510 K, meaning that even the lowest roational transitions can only be excited in shock waves, 
FUV-rich PDRs or regions affected by turbulent dissipation ( jingalls et al.} 2011 1 . 

The second most abundant molecule is car- 
bonmonoxide, CO, consisting of one carbon 
and one oxygen atom. The abundance relative 
to H 2 , [CO/H 2 ], is roughly in MW ISM as 
has been defermined via observafions of early 
cold cores in fhe MW ( [Glover & Mac Low |2011{ 

Liu ef ak] 2013| and simulafions of molecular 
clouds wifh riH > 1000 cm“^ ([Glover & Mac 
MT) . 



Low 


115 

CO(I-O) 


230 

CO(2-1) 


345 

CO(3-2) 


461 

CO(4-3) 


Frequency 

576 [GHz] 

CO{5-1) 


CO is fhe mosf used molecule for observing 
molecular gas, since ifs rofafional fransifions 
convenienfly sample fhe fypical densifies and 
femperafures inside GMCs. To prope fhe very 
densesf parfs of GMCs, ofher molecular frac- 
ers exisf wifh higher critical densifies (again see 
[Tielens [[20131 for an overview of mosf defecfed 
molecules, and [Aalfo 2013 for a subsef of fhe 
denser gas fracers), buf fhe low CO lines have 
proven excellenf for capfuring fhe mayorify of 
fhe molecular gas. 

Fig. [3.1[ provides an illusfrafion of fhe rofaf- 

ing CO molecule, fogefher wifh fhe frequencies and critical densifies of fhe firsf 5 fransifions. 


Figure 3.1 Illustration of the rotating CO molecules to¬ 
gether with the frequencies of the first 5 rotational lines 
of the CO molecular are shown. Below are the corre¬ 
sponding c ritical densities (nc rit = A^i'^i^uCui) as cal¬ 
culated by |Greve et al.| (2014) for a kinetic temperature 
of Ti; = 40 K and assuming H 2 to be the main collision 
partner. 


Also, fhe positions of fhe firsf 5 fransifions on a f 5 q 2 ical SED can be seen in Fig. 1.11 In GMCs, 


the excitation of CO molecules to higher rofational levels is believed fo come mainly from 
collisions wifh FI 2 molecules. The population of fhe various rofional levels are fherefore defer- 
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mined by density and temperature (how fast the molecules are moving) of fhe gas. The amounf 
of flux in each rofafional fransifion creafes a CO Specfral Line Energy Disfribufion (SLED) or 
'CO ladder' which can fake on differenf shapes depending on fhe gas properties. 


3.2 Observations of CO line emission from different 

TYPES OF GALAXIES AT 2 > 2 

Af 2 ~ 2, fhe vasf majorify of CO observafions have been of exfreme galaxies, such as submil- 
limefer galaxies (SMGs) wifh very high SERs or quasi-sfellar objecfs (QSOs) confaining pow¬ 
erful AGNs. Only a few galaxies on fhe "main sequence of sfar formafion" (MS, e.g. Wuyfs 
ef al. 2011 1 , have been observed in CO. These are f 5 rpically massive (10^° — 10^^ M©) galaxies 
selecfed by fhe BzK fechnique fo be moderafely sfar-forming wifh SER~ 10 — 500 Mq yr“^, 
i.e. specific SER (SSER) of around 0.5Gyr~^. The molecular gas of SMGs and QSOs is highly 
excifed wifh peak fluxes af fhe CO(5-4) and GO(6-5) fransifions, which is evidence of dense and 
possibly warm gas ( [Papadopoulos ef al.}|201^ , buf little is known for fhe normal sfar-forming 
galaxies observed in CO fo dafe. The only such galaxies, wifh 4 observed CO fransifions, are 
fhe BzK-selecfed galaxies BzK—4171, BzK—16000 and BzK—21000 (Daddi ef al. 2015) . These 
galaxies were previously believed fo confain mainly gas reminiscenf fo fhaf of fhe Milky Way 
(MW) ( [Darmerbauer ef ^ 2009 [Aravena ef al. 2014| , buf newCO(5 —4) observafions by Daddi 
ef al. ( |2015| require a second componenf of higher densify and possibly higher femperafure. 

Wifh insfrumenfs of high spafial resolufion, if has recenfly become possible fo resolve galax¬ 
ies af z > 2 on kiloparsec scales, as shown wifh fhe VLA by e.g. Walfer ef al. ( |2007[ | when ob¬ 
serving low-J CO fransifions. Scales of 1 kpc require a resolufion of ~ 0.1" af z = 2, achievable 
wifh ALMA for higher CO lines fhaf are nof redshiffed below ifs bands. 

When measuring fhe CO ladder of galaxies wifh differenf compositions, SER and AGN 
acfivify, a huge variefy emerges. Eig. |3.2| compares fhe rafher low-excifafion ladder of fhe MW 
fo fhe CO ladders of SMGs and QSOs which peak af increasingly higher J-values. An upper 
limif as fo how sfeep fhe ladder can be, is reached if fhe gas is in Local Thermal Equilibrium 
(LTE), in which case fhe level populations jusf follow a Bolfzmarm disfribufion sef by fhe gas 
kinetic femperafure and no radiafive fransifions are considered. Eor gas in LTE and of kinetic 
femperafure above fhaf of fhe upper level fransifion level, fhe GO ladder would grow as as 


indicafed in Eig. 3.2 in blue. Buf in general, fhis upper limif is nof reached by fhe local kinetic 
femperafure and fhe high J-levels are less populafed. 


3.2.1 The Xco factor 

Probably fhe widesf use of GO emission lines, is fhe esfimafion of fofal molecular gas mass. The 
low critical densify (~ 300 cm“^) of fhe firsf GO(l-O) fransifion makes if a fracer of mosf gas in 
a GMG. In order fo converf from CO(l-O) line infensify and column densify of H 2 , fhe GO-H 2 
conversion facfor (Aco or 'A-facfor') gives fhe H 2 column densify per GO(l-O) infensify unif: 

Ago [cm"^/(Kkms"i)"^] = N(H 2 )/W(co(i-o)) (3.1) 

A similar conversion facfor exisfs befween fofal H 2 gas mass amounf and GO line luminosify: 

aco [M 0 /(Kkmpc“^)“^] = M(H 2 )/Lco(i-o) (3-2) 
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Figure 3.2 Observed CO ladders for different galaxies, normalized to the CO(l-O) transition. From the review of 
ICasey et al.|(2014| . 


The most common way of inferring fheir values, is fo esfimafe fhe gas mass from eifher (i) 


fhe CO line width assuming the GMCs are in virial equilibrium (cf. eq. 1.2 1 , (ii) the dust mass 
assuming a dust-to-gas mass ratio, or (iii) 7 -ray emission from cosmic ray inferacfions wifh 
H 2 (see references in Narayanan ef al. 2012|. In fhe irmer disk of fhe MW, fhey are relatively 


constant at Xqq « 2 x 10^^ cm ^/(Kkms ^ and aco ~ 4.3M0/(Kkmpc ^ (from fhe 


comprehensive review on fhe X-facfor by Bolaffo ef al. 2013 1 . 

Buf recent observations, at low and high redshift, show that Xco must be lower in galaxies 
of high-surface densify environmenfs, and larger in low-mefallicify environmenfs. This has 
led fo fhe belief fhaf maybe fhere exisfs fwo versions of fhe KS sfar formafion relafion, one for 
gas-rich mergers and anofher for sfar-forming normal disk galaxies ( [Genzel ef al. 2010| . Based 
on defailed modeling, Narayanan ef al. ( 2012[ | came up wifh a function for Xqq fhaf depends 
on CO line luminosify and mefallicify. Wifh fhis prescription for Xqq a single confinous KS 
sfar formafion relation can be drawn for sfarbursfs and normal disk galaxies af low and high 
redshiff as shown in Fig. |3.3| Flowever, see fhe work of Hodge ef al. ( 2015| , implying fhaf 
SMGs really can have more efficienf sfar formation on small scales, regardless of fhe choice of 
conversion factor. 


3.3 Modeling of CO emission lines 

The CO ladder of a galaxy can be modeled by combining galaxy simulations (eifher zoom-in 


versions of cosmological simulations or isolated galaxy models, cf. Secfion 1.6 1 wifh sub-grid 
prescriptions for fhe GMC sfrucfure and radiafive franster codes or LVG models for fhe frans- 
porf of CO line emission fhrough fhe ISM. Over fhe pasf decade in parficular, defailed modeling 
of CO emission has been developed, fhe basic steps of which can be summarised as follows: (1) 
Simulafe a galaxy wifh dark maffer, sfars and afomic gas (if possible, wifh a multiphase molec- 
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Figure 3.3 The effect of using an effectively bimodal Xco factor (mid panel; oco = 4.5 for local disks, 3.6 for high- 
2 disks and O. 8 M 0 /(Kkmpc“^)“^ for mergers) or a continuous one (right panel) on the KS law jNarayanan et al. 
[ 2012 ) . 
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Figure 3.4 Examples of simulated CO ladders for different galaxy types. Left: The shape of CO ladders for 2 = 2 
galaxies, binned according to infrared (8 — 1000 pm) luminosity, Lm, as predicted byjLagos et al.||2012|. Middle: The 
same as in the left panel according to the method of [Popping et al.||2014|. Right: CO ladders parameterized by Ssp^ 
for simulations of resolved (solid) and unresolved (clashed) cases, as derived byjNarayanan & Krumhol^j2014|. 


ular gas), (2) Apply semi-analytical physical recipes to estimate the amount and state of dust 
and molecular gas, (3) Calculate the radiative transfer of selecfed CO lines. A full description 
of such a process can be found in Narayanan ef al. ( |2008b| , who investigated the signatures 
in CO morphology and line profile of oufflows creafed by acfive galactic nuclei (AGNs) and 
sfarbursfs. The same mefhod has been used fo sfudy ofher aspecfs of fhe ISM, such as fhe 
Kennicuff-Schmidf relation and fhe Xqo facfor which relafes velocify-infegrafed CO line in- 
fensify fo H 2 column densify, in low- and high-redshiff galaxies (e.g., [Narayanan ef al. 2011 


Narayanan & Hopkins) 2013). By rurming smoofhed particle hydrod 5 mamical (SPH) simula¬ 


tions wifh fhe GADGET-3 code, Narayanan ef al. ( 2011| were able fo follow fhe evolution wifh 
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time of a multiphase ISM in isolated disk galaxies undergoing a merger, allowing the gas to cool 
down to temperatures of ~ 10 K. Lagos et al. ( 2012| simulated the CO emission of quiescently 
star-forming as well as starburst galaxies at redshifts ranging from ^ = 0 to z = 6 by coupling 
cosmological galaxy formation simulations with the tabulated output of a code describing pho¬ 
ton dominated regions (PDRs). Lagos et al. ( |2012| found that the global velocity-integrated CO 
line intensity peaks at higher rotational transitions with increasing infrared (IR) luminosity (J- 
level 4 to 5 when median Lir of the sample goes from about 1.3 ~ 10® to 8 x 10^® Lq). In a 
similar study. Popping et al. ( 2014) found that models of normal star-forming galaxies at high 
redshift have much higher rotational transitions than their local counterparts. Finally, the mod¬ 


eling of CO lines from a large set of simulated disk galaxies, recently carried out by Narayanan 


& Krumholz ( 2014|| showed that the CO line energy distribution can be parameterised better 


with respect to SFR surface density compared to total SFR. Simulated CO SLEDs in in Fig. 3.4 


provide examples of these previous works. However simulations of resolved CO line emission 
have been lacking. 
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Simulating CO line emission erom 

MASSIVE STAR-FORMING GALAXIES AT 

z = 2 (Paper I) 


4,1 Aim of this project 


We wanted to expand on previous modeling done by other groups of CO emission lines from 
galaxies af high redshiff by developing a mefhod fhaf focuses on radial gradienfs of fhe ^co 
factor and CO line rafios. The aim of fhe projecf was fherefore fo serve as a preview of whaf 
asfronomers might one day observe in 'normal' star-forming galaxies af z ~ 2 wifh new and 
upcoming insfrumenfs. 

For fhaf purpose, we created a new numerical framework for simulafing fhe line emission 
of normal sfar-forming galaxies. The code - Simulator of GAlaxy Millimefer/submillimefer 
Emission (SIGAMeQ - combines (non-)cosmological simulafions of galaxy formafion wifh sub¬ 
grid prescriptions for fhe H 2 /H 1 fracfion and fhermal balance fhroughouf fhe ISM, down fo 
parsec scales. SI GAME accounfs for a FUV and cosmic ray infensify field fhaf vary wifh lo¬ 
cal SFR densify wifhin fhe galaxy. SI GAME can be applied fo any galaxy simulafed in fhe 
SPH formalism, fhough currently restricted to galaxies dominated by star formation processes 
rather than AGN and with mean metallicities above about 0.01^©. Here, we adapt the code 
to cosmological SPH simulations of fhree massive, normal sfar-forming galaxies af z = 2 (i.e., 
so-called main-sequence galaxies), and model their CO rotational line spectrum using a publi- 
cally available 3D radiative transfer code. We show fhaf SI GAME reproduces observed low-J 
CO line luminosifies and provides new esfimafes of fhe Xco factor for main-sequence galax¬ 
ies af z ^ 2, while af fhe same time predicting fheir CO line luminosifies af high-J (Jup > 6) 
fransifions where observations are yef fo be made. 


The sfrucfure of fhis chapter is as follows. Section 4.2 describes fhe cosmological SPH sim¬ 
ulafions used, along wifh fhe basic properfies of fhe fhree sfar-forming galaxies exfracfed from 
the simulations. A detailed description of S f GAME is presented in Secfion |4!3| The CO emission 
maps and specfra obfained affer applying SI GAME fo fhe fhree simulafed galaxies are presenfed 
in Secfion 4.4 where we also compare fo acfual CO observations of similar galaxies af z ~ 2. 

discusses fhe sfrengfhs and weaknesses of SI GAME in fhe confext of ofher molec- 


Secfion 4.6 


^SIGAME in Spanish translates as 'follow me' - which in this context refers to the pursue of line emission through a 
galaxy. 
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ular line (CO) simulations and recent observations. Finally, in Section 4.7 we summarise the 
main steps of SI GAME, and list its main findings and predictions regarding the CO line emis¬ 
sion from massive, star-forming galaxies at z ~ 2. We adopf a flaf cold dark matter (ACDM) 
scenario wifh fim = 0.3, Ha = 0.7 and h = 0.65. 


4,2 Cosmological Simulations 

4.2.1 SPH SIMULATIONS 

We employ a cosmological TreeSPH code for simulating galaxy formation and evolution, though 
in principle, grid-based hydrod 5 mamic simulations could be incorporated equally well. The 
TreeSPH code used for fhe simulations is in most respects similar to the one described in 
Sommer-Larsen et al. ( |2005| and Romeo et al. ( |2006| |. A cosmic baryon fraction of /b = 0.15 
is assumed, and simulations are initiated at a redshift ot z = 39. The implementation of sfar 
formation and stellar feedback, however, has been manifesfly changed. 

Star formation is assumed to take place in cold gas (Tk < 10"* K) at densities nn > 1 cm“^. 
The star formation efficiency (or probability that a gas particle will form sfars) is formally sef 
to 0.1, but is, due to effects of self-regulation, considerably lower. Star formation takes place in 
a stochastic way, and in a star formation event, 1 SPH gas particle is converted completely into 
1 stellar SPH particle, representing the instantaneous birth of a population of sfars according 
to a Chabrier (2003) stellar initial mass function (IMF; Chabrier|2003^ - see further below. 

The implementation of stellar feedback is based on a sub-grid super-wind model, some- 
whaf similar to the 'high-feedback' models by [Stinson ef al. ( 2006) . These models, though, 
build on a supernova blast-wave approach rather than super-wind models. Both types of mod¬ 
els invoke a Chabrier (2003) IMF, which is somewhaf more fop-heavy in terms of energy and 
heavy-elemenf feedback than, e.g., the standard Salpeter IMF. The present models result in 
galaxies characterised by reasonable z = 0 cold gas fractions, abundances and circum-galactic 
medium abundance properties. They also improve considerably on the "angular momentum 
problem" relative to the models presented in, e.g., Sommer-Larsen et al. ( |2003| |. The models 
will be described in detail in a forthcoming paper. 


4.2.2 The model galaxies 

Three model galaxies, hereafter referred fo as Gl, G2 and G3 in order of increasing SFR, were 
exfracted from the above SPH simulation and re-simulated using the 'zoom-in' technique de¬ 
scribed in (e.g., Sommer-Larsen et al.[ 2003) . The emphasis in this study is on massive (M* > 
5 X 10^° Mq) galaxies, and the three galaxies analysed are therefore larger, rescaled versions of 


galaxies formed in fhe 10/hMpc cosmological simulation described in Sommer-Larsen et al. 
( |2003) . The linear scale-factor is of the order 1.5, and since the CDM power spectrum is fairly 
consfanf over this limited mass range the rescaling is a reasonable approximation. 

Galaxy Gl was simulated at fairly high resolufion, using a fofal of 1.2 x 10® SPH and dark 
matter particles, while abouf 9 x 10® and 1.1 x 10® particles were used in the simulations of G2 
and G3, respectively. For the Gl simulation, the masses of individual SPH gas, stellar and dark 
matter particles are mspu = « 6.3 x 10® h^^M© and todm=3.5 x 10® h^^M©, respectively. 

Gravitational (cubic spline) softening lengths of 310, 310 and 560 h~^pc, respectively, were 
employed. Minimum gas smoothing lengths were about 50h“^pc. For the lower resolution 
simulations of galaxies G2 and G3, the corresponding particle masses are mspH = « 4.7 x 
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Table 4.1 Physical properties of the three simulated galaxies Gl, G2, and G3 



SFR 

[Mo yr-i] 

M* 

[1011 Mq] 

Msph 
[101° Mq] 

/sPH 

Z' 

-^cut 

[kpc] 

Gl 

40 

0.53 

2.07 

28% 

1.16 

20 

G2 

80 

1.49 

2.63 

15% 

1.97 

15 

G3 

142 

2.11 

4.66 

18% 

1.36 

20 


Notes. All quantities are determined within a radius Rent, which is the radius where the cumulative radial stellar 
mass function of each galaxy becomes flat. The gas mass (Msph) is the total SPH gas mass within Rent- The 
metallicity (Z' = ZIZq) is the mean of all SPH gas particles within itcut- 


10® h and moM = 2.6 x 10^ h respectively, and the gravitational softening lengths 


were 610, 610 and 1090 /i“^pc. Minimum gas smoothing lengths were about 100 /i“^pc. 

Due to effects of gravifafional soffening, f 5 rpical velocifies in fhe innermosf parfs of fhe 
galaxies (fypically af radii less fhan abouf 2espH/ where csph is fhe SPH and sfar particle grav- 


et al. 


itational so ftening length) are somewhat below d 5 mamical values (see, e.g. Sommer-Larsen 
1998|. The d 5 mamical velocities will be of fhe order Pdyn = y/ GM{R)/R, where G is fhe 


gravifational consfanf, R is fhe radial disfance from fhe cenfre of fhe galaxy and M(R) is fhe 
fofal mass locafed inside of R. Indeed, if fums ouf fhaf for fhe simulafed galaxies considered 
in fhis projeef SPH particle velocities inside of 2espH are only abouf 60-70% of whaf should be 
expeefed from d 5 mamics. To coarsely correef for fhis adverse numerical effeef, for SPH parti¬ 
cles inside of 2espH the velocities are corrected as follows: For SPH particles of total velocity 
less than Vdyn, the tangential component of the velocity is increased such that the total velocity 
becomes equal to z^dyn- Only the tangential component is increased in order not to create spu¬ 
rious signatures of merging. With this correction implemented, the average ratio of total space 
velocity to d 5 mamical velocity of all SPH particles inside of 2espH equals unity. 

Figure |4.1| shows surface density maps of the SPH gas in Gl, G2, and G3, i.e., prior to 
any post-processing by SI GAME. The gas is seen to be strongly concentrated towards the cen¬ 
tre of each galaxy and structured in spiral arms containing clumps of denser gas. The spiral 
arms reach out to a radius of about 20 kpc in Gl and G3, with G2 showing a more compact 
structure that does not exceed R ~ 15 kpc. Table 4.1 lists key properties of the simulated 
galaxies, namely their SFR, stellar mass (M*), SPH gas mass (Msph), SPH gas mass fraction 
(/sPH = Msph/(M* -|- Msph))/ and metallicity Z'. These quantities were measured within a 
radius {Rent, also given in Table [4^ corresponding to where the radial cumulative stellar mass 
function has flattened out. The metallicity is in units of solar metallicity and is calculated from 
the abundances of C, N, O, Mg, Si, S, Ca and Fe in the SPH simulations, and adjusted for the 
fact that not all heavy metals have been included according to the solar element abundancies 
measured by|Asplund et ak (2009|. 


The location of our three model galaxies in the SFR-M* diagram is shown in Figure |4.2| 
along with a sample of 3754 1.4 < z < 2.5 main-sequence galaxies selected in near-IR from 
the NEWFIRM Medium-Band Survey ( [Whitaker et al. 2011| |. The latter used a Kroupa IMF 
but given its similarity with a Chabrier IMF no conversion in the stellar mass and SFR was 
made (cf., Papovich et al.| ( |2011| and Zahid et al. ( |2012| who use conversion factors of 1.06 and 
1.13, respectively). Also shown is the determination of the main-sequence relation at z ~ 2 by 
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Figure 4.1 SPH gas surface density maps of the three model galaxies G1 (top), G2 (middle), and G3 (bottom) viewed 
face-on. The stellar masses and SFRs of each galaxy are indicated (see also Table |4.l[ . The maps have been rendered 
with the visualization tool SPLASH version 2.4.0 jPrice||2007| using the gas smoothing lengths provided by the simu¬ 
lations. 
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Figure 4.2 Position of the three model galaxies studied here (Gl, G2 and G3 with filled a red star, a green circle and 
a blue square respectively), on a SFR-M. diagram. The grey filled contours show the 2 ~ 2 number density of 3754 
1.4 < 2 < 2.5 galaxies from the NEWFIRM Medium-Band Survey jWhitaker et al.||2011|. The SFR — M* relation at 
2 ~ 2 as determined by|Speagle et al.H2014| is indicated by the dashed line, with the Itr and 3 (t scatter of the relation 
shown by the dot -dashed and dotted Imes, respectively. Also shown are six 2 ~ 1.4 — 1.6 BzK galaxies (black circles; 
[Daddi et al.|2010[ and 14 2 ~ 2 — 2.5 Bx/BM galaxies (black crosses; ITacconi et al.|2013|. The BzK galaxies are from 
top to bottom: BzK—12591, BzK—21000, BzK—16000, BzK—17999, BzK—4171 and BzK—2553 (following the naming 
convention of |Daddi et al.|20io) . 


Speagle et al. (2014), and the 1 and 3cr scatter around it. Gl, G2, and G3 are seen to lie within the 


3cr scatter around the 2 ; ~ 2 main sequence, albeit offset somewhat towards lower SFRs. This 
latter tendency is also found among a subsef of CO-defecfed BX/BM galaxies af z ~ 2 — 2.5 
( [Tacconi ef al. 2013) , highlighfed in Figure [4^ along wifh a handful of z ~ 1.5 BzK galaxies 
also defecfed in CO ( [Daddi ef al. |2010| . The BX/BM galaxies are selecfed by a UGR colour 
criferia ( [Ade lberger ef al. 2004), while fhe BzK galaxies are selecfed by fhe BzK colour criferia 
( [Daddi ef al.j 2004) . Based on fhe above we conclude fhaf, in ferms of sfellar mass and SFR, our 
three model galaxies are representative of fhe sfar-forming galaxy populafion defecfed in CO 
af z ^ 2. 
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4.3 Modeling the ISM with sigame 

4.3.1 Methodology overview 


Here we give an overview of the major steps that go into SIGAME, along with a brief descrip¬ 
tion of each. The full details of each step are given in subsequent sections and in appendices 
|A.1| through |A.3| We stress, that SI GAME operates entirely in the post-processing stage of an 
SPH simulation, and can in principle easily be adapted to any given SPH galaxy simulation 
as long as certain basic quantities are known for each SPH particle in the simulation, namely: 
position (r), velocity {v), atomic hydrogen density (tt-h), metallicity {Z'), kinetic temperature 
(Tii), smoothing length {h), and star formation rate (SFR). The key steps involved in sfGAME 
are: 

1. Cooling of the SPH gas. The initially hot (Tk ~ 10^“^ K) SPH gas particles are cooled to 
temperatures typical of the warm neutral medium (< 10^ K) by atomic and ionic cooling 
lines primarily. 

2. Inference of the molecular gas mass fraction = tohs/^sph) of each SPH particle 
after the initial cooling in step 1. for a given SPH particle is calculated by taking into 
account its temperature, metallicity, and the local CR and FUV radiation field impinging 
on it. 

3. Distribution of the molecular gas into GMCs. Cloud masses and sizes are obtained from 
random sampling of the observed CMC mass-spectrum in nearby quiescent galaxies and 
applying the local CMC mass-size relation. 

4. CMC thermal structure. A radial density profile is adopted for each CMC and used to 
calculate the temperature structure throughout individual clouds, taking into account 
heating and cooling mechanisms relevant for neutral and molecular gas, when exposed 
to the local CR and attenuated FUV fields. 

5. Radiative transport of CO lines. Finally, the CO line spectra are calculated separately for 
each CMC with a radiative transfer code and accumulated on a common velocity axis for 
the entire galaxy. 


Determining the temperature (i) and the molecular gas mass fraction (ii) of a warm neutral 
gas SPH particle carmot be done independently of each other, but must be solved for simulta¬ 
neously in an iterative fashion (see Sections 4.3.2 and 4.3.3| . As already mentioned, we shall 
apply SIGAME to the SPH simulations of galaxies Gl, G2, and G3 described in Section 
in doing so we will use them to illustrate the workings of the code. 


4.2 


and 


4.3.2 The Warm and Cold Neutral Medium 


In SPH simulations of galaxies the gas is typically not cooled to temperatures below a few 
thousand Kelvin ( [Springel & Hernquist 2003| . This is illustrated in Figure [4^ which shows 
the SPH gas temperature distribution (dashed histogram) in Gl (for clarity we have not shown 
the corresponding temperature distributions for G2 and G3, both of which are similar to that 
of Gl). Minimum SPH gas temperatures in Gl, G2 and G3 are about 1200 K, 3100 K and 3200 K, 
respectively, and while temperatures span the range ~ 10^“^ K, the bulk (~ 80 — 90%) of the 
gas mass in all three galaxies is at Tk < 10® K. 
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At these temperatures the gas will be in atomic or ionised form, and H atoms that attach 
to dust grain surfaces via chemical bonds (chemisorbed) will evaporafe from fhe grains before 
H 2 can be formed. H 2 can effecfively only exisf af femperafures below ~ 10^ K, assuming 


a realisfic desorpfion energy of 3 x 10^ K for chemisorbed H afoms (see Cazaux & Spaans 


2004 1 . The firsf sfep of SI GAME is fherefore fo cool some porfion of fhe hof SPH gas down fo 
Tk < 10^ K, i.e., a femperafure range characferisfic of a warm and cold neufral medium for 
which we can meaningfully employ a prescripfion for fhe formafion of H 2 . 

SI GAME employs fhe sfandard cooling and healing mechanisms perfaining fo a hof, par- 
fially ionised gas. Cooling occurs primarily via emission lines from H, He, C, O, N, Ne, Mg, Si, 
S, Ca, and Fe in fheir afomic and ionised sfafes, wifh fhe relafive imporfance of fhese radiafive 
cooling lines depending on fhe femperafure ( [Wiersma ef al. 2009| . In addifion fo fhese emis¬ 
sion lines, elecfron recombinafion wifh ions can cool fhe gas, as recombining elecfrons fake 
away kinetic energy from fhe plasma, a process which is imporfanf af femperafures > 10^ K 
( [Wolfire ef al. 2003| . Af similar high femperafures anofher imporfanf cooling mechanism is 
fhe scattering of free elecfrons off ofher free ions, whereby free-free emission removes energy 
from fhe gas ( |Draine| 2011[ |. Working againsf fhe cooling is healing caused by cosmic rays via 
fhe expulsion of bound elecfrons from afoms or fhe direcf kinetic fransfer fo free elecfrons via 
Coulomb infer actions ( [Simneff & McDonald |1969) . By ignoring healing of fhe gas by phofo- 
ionizafion, we shall adopf an assumption f 5 rpically used for galactic ISM (|Gnaf & Sfembet^ 


2007 Smifh ef al. 2008| , fhough see Wiersma ef al. ( 2009| who demonsfrafe how cooling rales 
are reduced when including phofoionizafion in fhe infergalacfic medium and profo-galaxies. 

We arrive af a firsf esfimafe of fhe femperafure of fhe neufral medium by requiring energy 
rale equilibrium befween fhe above mentioned heating and cooling mechanisms: 


PCR.HI — -^ions+atonis “1“ -^rec -I- Af_f, 


(4.1) 


where Ajons+atoms is the cooling rate due to atomic and ionic emission lines, A^ec and Af_f are 
the cooling rates from recombinafion processes and free-free emission as described above, and 
kcR.Hi is the CR heating rate in atomic, partly ionised, gas. The detailed analytical expressions 
employed by SI GAME for fhese heating and cooling rales are given in appendix |A.1| 

The abundances of fhe afoms and ions included in Aions+atoms eifher have fo be calculafed 
in a self-consisfenf manner as parf of fhe SPH simulation or sef by hand. For our sef of galaxies, 
fhe SPH simulations follow fhe abundances of H, C, N, O, Mg, Si, S, Ca and Fe, while for fhe 
abundances of He and Ne, we adopf solar mass fractions of 0.2806 and 10“"^, respectively, as 
used in |Wiersma ef al. ( |2009 1 . 

PCR,Hi depends on fhe primary CR ionization rale (Ccr)/ a quanfify fhaf is sef by fhe num¬ 
ber densify of supemovae since fhey are fhoughf fo be fhe main source of CRs ( [Ackermann 
ef al. 2013 1. In SI GAME, fhis is accounfed for by parameferizing ()cr as a function of fhe local 
sfar formafion rale densify (SFRD) as if varies across fhe simulafed galaxy. The defails of fhis 


parameferizafion are deferred fo Section 4.3.4 

In eq. 4.1 all ferms buf Ajons+atoms depend on fhe ionization fracfion {xe = Uelnm) of fhe 
gas, which in fum depends on fhe total CR ionization rale (i.e., Ccr correcfed for secondary 
ionizations of H and He), fhe gas femperafure (Tk)/ and fhe HI densify (uhi) (see appendix 
A.l| . The ionizafion fracfion is calculafed faking info accounf fhe ionization of H and He (wifh 
a procedure kindly provided by I. Pelupessy; see also||Pelupessy (|2005|). Since, nui is sef by fhe 
molecular gas mass fracfion which in fum also depends on Tk (see Section 4.3.3 on how 


46 






















































log(Tk [K]) 


Figure 4.3 The distributions of gas kinetic temperature before (dashed histogram) and after (solid histogram) apply¬ 
ing the heating and cooling mechanisms of eq. |4.1| to galaxy Gl. The original hot SPH gas is seen to span a temperature 
range from about 10^ K up to ~ 10^ K, while once the gas has been cooled the temperature distribution only barely 
exceeds ~ 10^ K. 


is calculated), eq. 4.1 has to be solved in an iterative fashion until consistent values for Tk, 
rie, and are reached. Example solutions are given in Figure [AT| in Appendix ] A. 1[ 

The femperafure disfribufion fhaf resulfs from solving eq. |4.1| for every SPH particle in fhe 
Gl simulation is shown in Figure |43] (very similar disfribufions are obfained for G2 and G3). 
The gas has been cooled fo Tk < 10'^ K, wifh femperafures exfending down fo ^ 25 K. This 
new gas phase represenfs bofh fhe warm neufral medium (WNM) and fhe cold neufral medium 
(CNM), and from if we derive fhe molecular gas phase. 


4.3.3 Hi to H2 CONVERSION 

For fhe deferminafion of fhe molecular gas mass fraction associafed wifh each SPH gas par¬ 
ticle, a prescription of jPelupessy ef ^ ( 2006) is used, inferred by equafing fhe formafion rafe 
of H 2 on dusf grains wifh fhe phofodissociafion rafe of H 2 by Lyman-Wemer band photons, 
and faking info accounf fhe self-shielding capacify of H 2 and dusf exfincfion. We ignore H 2 
production in fhe gas phase (cf., Chrisfensen ef al. 2012) since only in diffuse low mefallicify 
(< O.IZq) gas is fhis fhoughf fo be fhe dominanf formafion route ( jNorman & Spaans 1997) , 
and so should nof be relevanf in our model galaxies fhaf have mean mefallicifies Z' > 1 (see 
Table [4T) and very little gas wifh Z' < 0.1 (see Figure A.3 in Appendix A.3) . We adopf a 
sfeady-sfafe for fhe H I— ^H 2 fransifion, meaning fhaf we ignore any fime dependence owing 
fo temporal changes in fhe UV field sfrengfh and/or disruptions of GMGs, bofh of which can 
occur on similar fime scales as fhe H 2 formafion. This has been shown fo be a reasonable as¬ 
sumption for environmenfs wifh mefallicifies > 0.01 Zq ( jNarayanan ef alT 2011 Krumholz & 
Gnedin 2011) . 

The firsf step is fo derive fhe FUV field sfrengfh. Go, which sefs fhe H I— ^H 2 equilibrium. In 
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S f GAME, Go consists of a spatially varying component that scales with the local SFRD (SFRDiocai) 
in different parts of the galaxy on top of a constant component set by the total stellar mass of 
the galaxy. This is motivated by |Seon et al. ( 2011) who measured the average FUV field strength 
in the MW (Gg and found that about half comes from star light directly with the remain¬ 
der coming from diffuse background light. We shall assume that in the MW the direct stellar 
contribution to Gg is determined by the average SFRD (SFRDmw)/ while the diffuse com¬ 
ponent is fixed by the stellar mass (M*_mw)- From this assumption, i.e., by calibrating to MW 
values, we derive the desired scaling relation for Go in our simulations: 


Gg = G' 


0,MW 


0.5- 


,SFRD 


local 


SFRDmw 


0.5- 


M 


M, 

*,MW 


(4.2) 


where Gn 


l0 <|McMill^ 


2011 1 . For 


rg = 0.6 Habing (Seon et al. 2011 1 , and M*^mw = 6 x 10^“ Mg 
SFRDmw we adopt O.OO24M0yr~^ kpc”'^, inferred from the average SFR within the central 
10 kpc of the MW (0.3 Mq yr“^; Heiderman et al. [2010) and within a column of height equal to 


the scale height of the young stellar disk (0.2 kpc; [Bovy et ak 2012) of the MW disk. SFRDiocai 
is the SFRD ascribed to a given SPH particle, and is calculated as the volume-averaged SFR 
of all SPH particles within a 5 kpc radius. Note, that the stellar mass sets a lower limit on Gg, 
which for Gl, G2, and G3 are 0.22, 0.62, and 0.88 Habing, respectively. 

Next, the gas upon which the FUV field impinges is assumed to reside in logotropic clouds, 
i.e., clouds with radial density profiles given by n{r) = nH,ext where nn.ext is the 

density at the cloud radius R. For a logotropic density profile, the external density is given 
by UH.ext = 2/3(nH), where we approximate (uh) with the original SPH gas density. From 
Pelupessy et al. ( 2006) we then have that the molecular gas mass fraction, including heavier 
elements than hydrogen, of each cloud is given b 5 Q 


of ^mol 

/mol = --= exp 

mspH 


-4 


(^v) 


(4.3) 


Here (Av) is the area-averaged visual extinction of the cloud and is the extinction through 
the outer layer of neutral hydrogen. The area-averaged extinction, (Av), is calculated from the 
metallicity and average cloud density, (nn): 

(Av) = 7.21 X 10-22^'(nH)R, (4.4) 


where (nH)i? is set by the well known density-size scaling relation for virialised clouds, nor¬ 
malised by the external boundary pressure, Pext/ i e-: 


(uh) = Uds 


( Uext/fcB 

Vl04 cm-^Ky 



(4.5) 


For the normalization constant we adopt rids = 10^ cm as inferred from studies of molecular 


clouds in the MW ([Larson 

1981 Wolfire et al. 

2003 Heyer & Brunt |2004|, although we note 

that Pelupessy et al. 

kO 

o 

o 

CM 

uses 1520 cm The external hydrostatic pressure for a rotating 


^We will use lower case m when dealing with individual SPH particles. Furthermore, is not to be confused 
with /mol describing the total molecular gas mass fraction of a galaxy and to be introduced in Section|4.4| 
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disk of gas and stars is calculated at mid-plane following Swinbank et al. (2011 1 : 


Pu 


Ion, 


+ (^)E, 
V cr*-L / 


(4.6) 


where CTgasj_ and (j*_l are the local vertical velocity dispersions of gas and stars respectively, 
and S denotes surface densities of the same. These quantities are all calculated directly from 
the simulation output, using the neighbouring SPH particles within 5 kpc, weighted by mass, 
density and the cubic spline kernel (see also Monaghan 2005| . The external cloud pressure that 
enters in eq.4.5 is assumed to be equal to Ptot/(1 + <ao + Po) for relative cosmic and magnetic 


pressure contributions of oq = 0.4 and /3o = 0.25 ( |Elmegreen[[1989 Swinbank et al. 2011[ |. For 
the MW, Pext /^B "^10"^ cm“^ K (Elmegreen 1989) , but as shown in Figure A.3 in Appendix A.3 
our model galaxies span a wide range in Pext/^B of ^ 10^ — 10^ cm“^ K. 

For Av , the following expression is provided by Pelupessy et al. 


12006 


= l.OSGi/^fuv X In 


1 + 


Gn 


Cfuv 

Z'T. 


^H,ext/135 cm 


-3 


(4.7) 


where ^fuv is the ratio between dust FUV absorption cross section (cr) and the effective grain 
surface area (crd), and is set to ^puv = cr/tTd = 3. 5 'h = (1 + O.OlTp)”^ is the probability 
that Hi atoms stick to grain surfaces, where is the kinetic gas temperature (determined in 
an iterative way as explained in Section 4.3.2). F urthermore, v = nH,extPo'(l -I- nn.extPcr)”^/ 
and p (set to 3.5 as suggested by Pelupessy et al. 2006| is a parameter which incorporates the 
uncertainties associated with primarily Su and crd- 


Following the above prescription SI GAME determines the molecular gas mass fraction and 
thus the molecular gas mass (wmoi = /moi^spn) associated with each SPH particle. Depending 
on the environment (e.g., Gq, Z', Tp, Pext/---)/ tf*6 fraction of the SPH gas converted into H 2 can 
take on any value between 0 and 1, as seen from the distribution of G1 in Figure |4.4[ 
Overall, the total mass fraction of the SPH gas in Gl, G2, and G3 (i.e., within Pcut) that is 
converted to molecular gas is 29 %, 52 % and 34 %, respectively. 


4.3.4 Structure of the molecular gas 

Having determined the molecular gas mass fractions, SI GAME proceeds by distributing the 
molecular gas into GMGs, and calculates their masses and sizes, along with internal density 
and temperature structures, as described in the following. 


GMC masses and sizes 


The molecular gas associated with a given SPH particle is divided into GMGs by randomly 
sampling a power-law mass spectrum of the form: 


dN 

dmcMC 


oc TOGMC 


(4.8) 


For GMGs in the MW disk and Local Group galaxies /3 ~ 1.8 ( [Blitz et 2007) , and is the value 
adopted by sfGAME in this work unless otherwise stated. Lower and upper mass cut-offs at 
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4.3 


Figure 4.4 The distribution of the H 2 gas mass fraction of the SPH particles in G1 calculated according to eq. 
(solid line histogram). Similar distributions are found for G2 and G3. The lower limit on /^^j, defined as described m 
Section[4.3.4[ is indicated by the dashed vertical line. 


10"* Mq and 10® M©, respectively, are enforced in order to span the mass range observed by 
Blitz et al. ( 2007| . A similar approach was adopted by Narayanan et al. (2008b Note that, 
in the case of G1 the upper cut-off on the GMC masses is in fact set by the mass resolution of 
the SPH simulation (6.3 x 10® h~^ M 0 ). For Gl, t 5 rpically < 30 GMCs are created in this way 
per SPH particle, while for G2 and G3, which were run with SPH gas particles masses almost 
an order of magnitude higher, as much as ^ 100 GMCs can be extracted from a given SPH 
particle for /3 = 1.8. Figure |4h| shows the resulting mass distribution of all the GMCs in Gl, 
along with the distribution of molecular mass associated with the SPH gas particles prior to it 
being divided into GMCs. The net effect of re-distributing the H 2 mass into GMCs is a mass 
distribution dominated by relatively low cloud masses, which is in contrast to the relatively 
flat SPH H 2 mass distribution. Note, the lower cut-off at mcMC = 10"^ Mq implies that if the 
molecular gas mass associated with an SPH particle (i.e., TOmoi = /moi^spn) is less than this 
lower limit it will not be re-distributed into GMCs. Since mgpH is constant in our simulations 
(6.3 X 10® h~^ Mq for Gl and 4.7 x 10® h~^ Mq for G2 and G3) the lower limit imposed on mcMC 
translates directly into a lower limit on (0.016 for Gl and 0.002 for G2 and G3, shown as 
a dashed vertical line for Gl in Figure |4!4) . As a consequence, 0.2, 0.005 and 0.01% of the 
molecular gas in Gl, G2, and G3, respectively, does not end up in GMCs. These are negligible 
fractions and the molecular gas they represent can therefore be safely ignored. 


The GMC sizes are derived from the virial theorem, which relates the radius of a GMC (i?off) 
to its mass and external pressure (Pext) according to: 


Ftcff 

pc 


f t^ext/^E 


Vl04 cm-®K 


-1/4 


/ mcMC 
^290Mq 


1/2 


(4.9) 
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Figure 4.5 The distribution of GMC masses in G1 obtained by applying eq. 4.8 with /3 = 1.8 (solid histogram) and 


/3 = 1.5 (dash-dotted histogram), compared to the total molecular gas masses associated with SPH particles (distri¬ 
bution shown as dotted histogram). The dashed vertical line indicates the SPH gas mass resolution of the simulation 
(= 6.3 X 10® h~^ Mq in the case of Gl). 


Similarly, the internal velocity dispersion (tT„) of the clouds is given by: 


kms“^ 


= 1.2 


f F*ext / 
V104 cm-^K 


1/4 


(ff) 


1/2 


(4.10) 


(e.g., Ehnegreen[ 1989 Swinbank et al. 2011) . Figure |4^ shows the resulting distribution of 
GMC radii in Gl (solid hisfogram). The minimum and maximal cloud radii found in Gl are 
~ 0.07 pc and ~ 100 pc, respecfively, and are sef by fhe pressure and fhe imposed limifs on 
"IGMC- 


Observations have indicafed fhaf fhe shape of fhe GMC mass specfrum mighf be differenf 
in gas-rich sysfems where a high-pressure ISM leads fo fhe characferisfic mass of sfar-forming 


clumps of molecular gas being much higher fhan what is observed in normal spirals (e.g. Swin¬ 


bank et al. 2011 Leroy et al. |2015|. In Section 4.5 we therefore examine fhe effecfs of adopfing 


a more fop-heavy GMC mass disfribufion, corresponding fo /3 = 1.5 (shown as dof-dashed 
hisfogram in Figure |43) . The fofal amounf of molecular gas in our galaxies does nof change 
significanfly between (3 = 1.8 and /3 = 1.5, and fhe CO simulation results are robust against 
(reasonable) changes in the mass-spectrum. 


The GMCs are placed randomly around the position of fheir 'parenf' SPH particle, albeit 
with an inverse proportionality between radial displacement and mass of fhe GMC. The latter 
is done in order fo refain fhe mass disfribufion of fhe original galaxy simulation as besf as 
possible. The GMCs are assigned fhe same bulk velocify, v, Z', Go and ^cr as their 'parent' 
SPH particle. 
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Figure 4.6 The distribution of GMC radii in G1 for the adopted cloud mass spectrum with /3 = 1.8 (solid histogram) 
and for a slightly modified spectrum with /3 = 1.5 (dash-dotted histogram). Similar distributions are found for G2 and 


GMC density structure 


In order to ensure a finite central density in our GMCs, SI GAME adopts a Plummer radial 
density profile (e.g., Plummer 1911 Whifworfh & Ward-Thompson 2001): 


^H2 (R) _ 3 gg mGMc \ f ^ 
cm“^ ' \ Mq / \ pc 


-3 


1 -R" 


-b/2 


(4.11) 


where Rp is fhe so-called Plummer radius, which we sef fo Rp = 0.1i?cff- The laffer allows for 
a broad range in gas densifies fhroughouf fhe clouds, from ~ 10® cm“® in fhe cenfral parfs fo a 
few 10cm“® furfher ouf. Nofe, eq. • 


4.11 


accounfs for fhe presence of helium in fhe GMC. 


In Secfion 4.5 we examine fhe impacf on our simulafion resulfs if a sfeeper GMC densify 
profile wifh an exponenf of —7/2 is adopfed insfead of fhe defaulf —5/2 in eq. |4.11[ This mod¬ 
ified Plummer profile, as well as fhe defaulf profile, are shown in Figure |4)7| for a GMC wifh 
mass of 10^ Mq and exfernal pressure 10^ K cm“®. 


GMC thermal structure 

Having established the masses, sizes, and density structure of fhe GMCs, sfGAME solves for 
fhe kinefic femperafure fhroughouf fhe clouds by balancing fhe relevanf heating and cooling 
mechanisms as a funcfion of cloud radius. 

GMCs are predominanfly healed by FUV photons (via fhe phofo-elecfric effecf) and cosmic 
rays. For fhe sfrengfh of fhe FUV field impinging on fhe GMCs, we fake fhe previously calcu- 
lafed values af fhe SPH gas particle position (eq. |4.2| . We shall assume fhaf fhe CR ionization 
rate scales in a similar manner, since CRs have fheir origin in supernovae and are fherefore 
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Figure 4.7 Plummer density profiles (eq. |4.1l[ with exponents —5/2 (solid line) and —7/2 (dashed line) for a GMC 
mass of 10^ Mq and an external pressure of Pext/^B = 10^ Kcm“^. The corresponding cloud radius is i?cioud = 
5.9pc (eq. |4.9| . The vertical dash-dotted line marks the Plummer radius (= 0.1i?GMc)/ the horizontal dotted line 
the riHj value (50 cm“^) below which CO is assumed to photo-dissociate in our simulations. 


related to the star formation and the total stellar mass of fhe galaxy: 


CCR — CCR, 


MW 


0.5 


SFRDiocal 

SFRDmw 


0.5 


M* 


M 


*,MW 


(4.12) 


where SFRDiocai/ SFRDmw and M*_mw are as described in Secfion 4.3.3 and (^cr is scaled fo fhe 
'canonical' MW value of Ccr ,mw = 3 x 10“^^ s“^ (e.g. Webber jl998|. While fhe FUV radiation 
is affenuafed by dusf and fherefore does nof heaf fhe GMC cenfres significanfly cosmic rays 
can penefrafe fhese dense regions and heaf fhe gas fhere ( [Papadopoulos ef al. |20lT i. For fhis 
reason SI GAME affenuafes fhe FUV field fhroughouf fhe GMCs, while fhe CR ionization rafe 
remains consfanf for a given cloud. The extinction of fhe FUV field af a cerfain poinf wifhin 
a GMC is derived by infegrafing fhe Plummer densify profile from fhaf poinf and ouf fo RcS- 


This H column densify is converfed info a visual extinction (Ay = /Vh/2.2 x 10^^ cm so fhaf 
fhe affenuafed FUV field becomes: 


Go.att — GqC 


-l.SAv 


(4.13) 


where fhe facfor of 1.8 is fhe adopfed conversion from visual fo FUV extinction i Black & Dal- 
gamo 1977[|. 


SI GAME calculafes fhe gas kinefic femperafure fhroughouf each GMC via fhe following 
heating and cooling rafe balance: 

PpE + FcR.Ha = Ah 2 + ^CO + Aoi + Acii + Agas-dust- (4-14) 

FpE is fhe phofo-elecfric heafing by FUV photons, and FcR.Ha is the cosmic ray heating in 
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molecular gas. Ah 2 is the cooling rate of the two lowest H 2 rotational lines (S(0) and S(l)), 
and Aco is the cooling rate of fhe combined CO rofafional ladder. Agas-dust is fhe cooling rafe 
due fo inferacfions between gas molecules and dusf parficles, which only becomes imporfanf 
af densifies above 10^cm“^ (e-g-/ Goldsmifh 2001 Glover & Clark 2012 1 . Acn and Aqi are 


fhe cooling rafes due fo [Cll] and Ol line emission, respecfively. The abundances of carbon 
and oxygen used in fhe prescriptions for fheir cooling rafes, scale wifh fhe cloud mefallicify, 
while fhe CO cooling scales wifh fhe relative CO to neutral carbon abundance ratio, set by the 
molecular density (see Appendix |A.2[ |. 

Agas-dust depends on the temperature difference befween the gas and the dust (see eq. 
A.13| . The dust temperature, Tdust/ is set by the equilibrium between the absorption of FUV 
and fhe emission of IR radiafion by fhe dusf grains. We adopf fhe approximafion given by 
Tielens|(|20051l: 

-- / r \‘ 


~ 33.5 ^ 


0.2 


(4.15) 


K \ Ipm J \ 10^ Habing J ’ 

where Go,att is fhe dusf-affenuafed FUV field (eq. 4.13} and a is fhe grain size, which we sef fo 


1 pm for simplicify. Values for Tdust using eq. 4.15 range from 0 fo 8.9 K, buf we enforce a lower 
limif on T^ust equal fo fhe z — 2 CMB temperafure of 8.175 K. T^ust is fherefore essentially 
constant (~ 8 — 9K) throughout the inner region of fhe GMC models, similar fo fhe value 
of Tdust = 8K adopfed by Papadopoulos & Thi ( |2013| for CR-dominated cores. Analyfical 
expressions for all of fhe above heafing and cooling rafes are given in Appendix |A.2} which 
also shows their relative strengths as a function of densify for fwo example GMCs (Figure pV.2|. 


Figure A.4 in Appendix |A.3 shows fhe resulting Tk versus uhs behaviour for 80 GMCs 
sparming a broad range of GMC masses, mefallicifies, and sfar formafion rafe densifies. As 
seen in fhe displayed GMC models, some general trends can be inferred from fhe Tk — riHa 
diagrams. Af fixed mefallicify and mass, an increase in Gq (and fherefore also in Ccr)/ leads 
fo higher femperafures fhroughouf fhe models. In fhe oufer regions fhis is due primarily fo 
the increased photoelectric heating, while in the inner regions, heating by the unattenuated 
cosmic rays takes over as the dominating heating mechanism (Figure A.2| . Keeping Go (and 
Ccr) fixed, lower Tk-levels and shallower Tk — nH 2 gradienfs are found in GMCs with higher 
metallicities. Both these trends are explained by the fact that the [Cll] and Ol cooling rates scale 
linearly with Z' (see Appendix |A.2[ |. 

Moving from fhe oufskirfs and inward fowards fhe GMC cenfres, Tk drops as fhe affenu- 
afion of Go reduces fhe phofoelecfric heafing. However, fhe fransifion from cooling via [Cll] 
fo fhe less efficienf cooling mechanism by CO lines, causes a local increase in Tk af nH 2 ~ 
10^ — 10"* ® cm“^, as also seen in fhe defailed GMC simulations by Glover & Clark ( 2012| . The 
exacf densify af which fhis 'bump' in Tk occurs depends sfrongly on fhe mass of fhe GMC. Our 
choice of fhe Plummer model for fhe radial densify profile means fhaf fhe exfincfion. Ay, af 
a cerfain densify increases wifh GMC mass. This in furn decreases fhe FUV heafing, and as a 
resulf fhe Tk — nH 2 curve moves fo lower densifies with increasing GMC mass. 

As the density increases towards the cloud centres (i.e., nH 2 ^ 10'^“® cm“^) molecular line 
cooling and also gas-dust interactions become increasingly efficient and start to dominate the 
cooling budget. The Tk — nH 2 curves are seen to be insensitive to changes in Z', which is 
expected since the dominant heating and cooling mechanisms in these regions do not depend 
on Z'. Eventually, in the very central regions of fhe clouds, fhe gas reaches femperafures close 
fo fhaf of fhe ambienf CMB radiafion field, irrespective of fhe overall GMC properties and fhe 
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Table 4.2 Parameters, global and local, used by SI GAME, together with relevant equations in this work. 


Global parameters 

Local parameters 
Derived internal 
GMC parameters 


[CO/H 2 ], (3 (GMC mass spectrum), 

GMC density profile 

WGMC/ Go, CcR/ Z', Pext/ SFRD 

TZH/ TL, Xe, (Tv 


Eqs. 


4.8 


and 


4.11 


Eqs. 

Eqs. 


g[ 


4T1 


4.2 

and 


4.2 


and 


04 


4.6 


conditions at the surface (Eigurep\.2|. 


GMC grid models 

The Tk — nua curve for a given GMC is defermined by fhe following quantities: 

• Go and (^CR/ which govern the gas heating and are set by the local star formation rate 


density (SERDiocai) and the total stellar mass (M*) according to eqs.|4.2|and 4.12 


wgmc and Pext which determine the effective radius of a cloud (eq. |4.9| and fhus ifs 


densify profile (eq. 4.111. 


• The local mefallicify {Z'), which influences fhe fraction of H 2 gas and plays an imporfanf 
role in cooling fhe gas. 

These local paramefers fogefher wifh fhe mosf imporfant global paramefers used by SI GAME 
are lisfed in Table |4.2| The GMC ensemble disfribufions of Go, Ccr/ wcmC/ Pext/^B, and Z' for 
each of fhe galaxies Gl, G2 and G3 are shown in Eigure[A3| 


There are more fhan 100,000 GMCs in a single model galaxy and, as Eigure A.3 shows, 
fhey span a wide range in Go, Cgr/ wgmC/ Pext/ks, and Z'. Thus, in order fo shorfen fhe 
compufing fime, we calculafed Tk — riHa curves for a sef of 630 GMCs, chosen fo appropriafely 
sample fhe disfribufions af cerfain grid values (lisfed in Table [43) and marked by vertical black 
lines in Eigure [A3) . Every GMC in our simulations was subsequently assigned the Tk — tt-Hs 
curve of fhe GMC grid model closes! fo if in fhe (Go, uigmG/ Z') paramefer space. In fhe defaulf 
GMC grid, we keep Pext /fixed fo a MW-like value of 10"^ K cm“^, fhereby also anchoring fhe 


scaling relations in eq. 4.9 and 4.10 for size and velocify dispersion. This is done fo minimise 
the number of radiafive fransfer calculations, effectively keeping the amount of molecular gas 
mass dependenf on local pressure, buf removing local pressure as a free paramefer in, and 
hence simplifying, fhe calculation of CO emission. 

In addition fo fhe defaulf grid described above, we made fwo separafe fesfs fo explore fhe 
GMC paramefer space more fully. These fesfs are described in fhe following and resulfs of 
their application are presented in Section 4.5 The external cloud pressure, Text/^B/ spans a 
wide range from ~ 10^ fo 10® Kcm“^ as shown in Eigure [A3| In a separafe fesf, we fherefore 
consfrucfed fhe same GMC grid, buf for fixed pressures of Text/^B = 10^ ® and 10®'®Kcm“^ 
and inferpolafed among fhe resulting fhree values of Pext/ks ([10^, 10®'®, 10® ®] Kcm“®) as a 
demonsfrafion of how fo incorporafe local pressure in SI GAME. We also fesf fhe effecf of adopf- 
ing the alternative radial GMC density profile defined in Secfion 4.3.4 Tk — 71^2 curves were 


calculafed for each possible combination of fhe paramefer grid values lisfed in Table |43] for 
bofh densify profiles, giving us a fofal of 3 x 2 x 630 = 3780 GMC grid models. 
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Table 4.3 Grid parameter values 


Go [Habing] 

l0g(mGMC [Mq]) 
log(Z/Z0) 
log(Pext/fcB [Kcm 


^]) 


0.5,1,4, 7,10,13,16,19, 23, 27 
4.0,4.25,4.5,4.75, 5.0, 5.25, 5.5, 5.75, 6.0 
-1, -0.5,0, 0.5,1,1.4,1.8 
4.0, 5.5, 6.5 


4.3.5 Radiative transfer of CO lines 

S f GAME assumes a fixed CO abundance equal to the Galactic value of [CO/H 2 ]= 2 x 10“"*^ (|Lee 


et al. 1996 Sofia et al. 2004 and see Section 4.6 for a justification of this value) everywhere in 
the GMCs except for nnj < 50cm“^, where GO is not expected to survive photo-dissociation 
processes (e.g. Narayanan et al. 2008a| |. SI GAME calculates the CO line radiative transfer for 
each GMC individually and derives the CO line emission from the entire galaxy. 


Individual GMCs 

For the CO radiative transfer calculations we use a slightly modified version of the Line Model¬ 
ing Engine (LIME ver. 1.4; |Brinch & Hogerheijde 2010[ | - a 3D molecular excitation and radiative 
transfer code. LIME has been modified in order to take into account the redshift dependence of 
the CMB temperature, which is used as boundary condition for the radiation field during pho¬ 
ton transport, and we have also introduced a redshift correction in the calculation of physical 
sizes as a function of distance. We use collision rates for CO (assuming H 2 is the main collision 
partner) from Yang et al. ( |2010 1 . In LIME, photons are propagated along grid lines defined by 
Delaunay triangulation around a set of appropriately chosen sample points in the gas, each of 
which contain information on riHa/ Tfe, ay, [CO/H 2 ] and v. SI GAME constructs such a set of 
sample points throughout each GMC: about 5000 points distributed randomly out to a radius 
of 50 pc, i.e., beyond the effective radius of typical GMCs in Gl, G2, and G3 (Figure|4^ and in a 
density regime below the threshold density of 50cm“^ adopted for GO survival (see previous 
paragraph). The concentration of sample points is set to increase towards the centre of each 
GMG where the density and temperature vary more drastically. 

For each GMG, LIME generates a GO line data cube, i.e., a series of GO intensity maps as a 
function of velocity. The velocity-axis consists of 50 channels, each with a spectral resolution of 
1.0 km s“^, thus covering the velocity range v = [—25, -1-25] kms“^. The maps are 100 pc on a 
side and split into 200 pixels, corresponding to a linear resolution of 0.5 pc/pixel (or an angular 
resolution of 5.9 x 10“^ "/pixel at z = 2). Intensities are corrected for arrival time delay and 
redshifting of photons. 

Figure [A3] shows the area- and velocity-integrated GO Spectral Line Energy Distributions 
(SLEDs) for the same 80 GMGs used in Section 4.3.4 to highlight the Tk — riHa profiles (Figure 


|A.4| . The first thing to note is that the GO line fluxes increase with mcMC/ which is due to the 
increase in size, i.e., surface area of the emitting gas, with cloud mass (Section |4.3.4[ |. Turning 
to the shape of the GO SLEDs, a stronger Go (and ^cr) increases the gas temperature and thus 
drives the SLEDs to peak at higher J-transitions. Only the higher, J^p > 4, transitions are also 
affected by metallicity displaying increased flux with increased Z'. For GMCs with high Go, 
the high metallicity levels thus cause the CO SLED to peak at Jup > 8. 
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Figure 4.8 Top row: Molecular surface density maps of our model galaxies seen face-on. The maps have been 
smoothed using a circular Gaussian with full width at half maximum (FWHM) of 3 pixels corresponding to 0.24 kpc. 
The molecular gas surface density maps are seen to trace the spiral arms and inner disk as well as a few dense clumps 
further out. Bottom row: azimuthally averaged radial profiles of the molecular (solid curve) and Hi -I-Hll (dashed 
curve) gas surface densities, of the mean metallicity (dotted curve) and of Go (dot-dashed curve) - determined from 
50 radial bins stretching from 0 to 15 kpc from the centre of each gal axy. T he molecular gas is the result of applying the 
recipes in Section [4.3.3| to the SPH simulations presented in Section [4.2.2| while the Hi + Hll gas is the initial SPH gas 
mass minus the derived molecular gas mass (both include the contribution from helium). We estimate Go by averaging 
over the FUV fields impinging on all GMCs in each radial bin. 


The effects of dust 


Dust absorbs the UV light from young O and B stars and re-emits in the far-IR, leading to pos¬ 
sible TR pumping' of molecular infrared sources. However, due to the large vibrational level 
spacing of CO, the molecular gas has to be at a temperature of at least 159 K, for significant 
IR pumping of the CO rotational lines to take place, when assuming a maximum filling fac¬ 
tor of 1, as shown by Carroll & Goldsmith ( 1981| . Most of the gas in our GMC models is at 
temperatures below 100 K, with only a small fraction of the gas, in the very outskirts, of the 
GMCs reaching Tk > 159 K, as seen in Figure [AM] in Appendix ] A. 3| This happens only if the 
metallicity is low {Z' < 0.1) or in case of a combination between high FUV field (Go > 4) and 
moderate metallicity. 


In principle, the high-J CO lines could be subject to extinction by dust, but this effect is sig¬ 
nificant only in extremely dust-enshrouded sources ( [Papadopoulos et al. 2010) , and therefore 
unlikely to be relevant for our simulations. 


While LIME is capable of including dust in the radiative transfer calculations, provided that 
a table of dust opacities as function of wavelength be supplied together with the input model, 
we have chosen not to include dust in the simulations presented here. 


57 











































CO emission maps 

A given GMC is assigned the CO emission line profile of fhe GMC model fhaf corresponds fo 
the nearest grid point in the (Go, mcMC, Z') parameter space. A spatial grid of 400 x 400 pixels 
is overlayed on each galaxy viewed face-on, and fhe line profiles of all GMCs wifhin each 
pixel are added fo a common velocify axis, fhus resulting in a position-velocity datacube. CO 
moment 0 maps are then constructed by integrating the flux within each pixel in velocity. These 
maps are 40kpc on each side and thus have a resolution of ~ lOOpc/pixel. By expanding fhe 
pixel size fo encompass fhe enfire galaxy, fhe global CO SLED is derived. 

The approach described above assumes fhaf fhe molecular line emission from each GMC 
is radiafively decoupled from all ofher GMCs, due fo fhe significant velocity gradients across 
the galaxies (~ 200 — 500 km s“^) and the relatively small internal line widths of fhe individual 
GMCs (~ 2 — 34km s“^ for fhe GMCs in Gl, G2 and G3). 


4.4 Simulating massive z = 2 main sequence galaxies 

In fhis secfion we examine fhe H 2 surface densify and CO emission maps resulfing from ap¬ 


plying SI GAME fo fhe fhree SPH galaxy simulafions Gl, G2, and G3 ai z = 2 (Secfion 4.2 1 , 
and we compare wifh exisfing CO observafions of main sequence galaxies af z ^ 1 — 2.5. We 
also fesfed SI GAME on fhree MW-like galaxies (see Appendix |A.4| , finding a general agreemenf 
with the CO line observations of MW and ofher similar local galaxies. As menfioned in pre¬ 
vious sections, our defaulf grid will be fhaf corresponding fo a Plummer densify profile and 
a pressure of Pext/^B = 10^ cm“^ K, combined wifh a GMC mass specfrum of slope /3 = 1.8, 
unless ofherwise sfafed. 


4.4.1 Total molecular gas content and H2 sureace density maps 

The fofal molecular gas masses of Gl, G2 and G3 - obfained by summing up fhe GMC masses 
associafed wifh all SPH particles within each galaxy (i.e., Mmoi = X) ™gmc = X) /moi”^SPH) - 
are 7.1 x 10®, 1.7 x 10^®, and 2.1 x 10^® Mq, respectively, corresponding to about 34, 59 and 45 % 
of fhe original fofal SPH gas masses of fhe galaxies within Rent = 20 kpc|^The global molecular 
gas mass fractions (i.e., /moi = + Mmoi) are 11.8,10.2 and 9.1 % for Gl, G2, and G3, 

respeefively. 

This is ~ 4 — 5 X below fhe f5rpical molecular gas mass fraction (^ 40 — 60 %) inferred from 
CO observafions of main sequence galaxies af z ~ 1 — 3 wifh similar sfellar masses and sfar 
formation rates as our simulations (e.g., Daddi et al. 2010 [Magnelli et al. 2012 Tacconi et al. 
2^. 


The reason for fhis discrepancy is fhe low SPH gas mass fractions of our simulafed galaxies 
fo begin wifh (/gpH = Msph/(M*-|-Msph) = 18 —28%), which obviously resfriefs/moi fo lower 
values. Such low gas fractions have been observed in local sfar forming galaxies. For example, 
assuming a MW-like aco facfor, [Sainfonge ef al. ( |2011) derived f^noi ~ 6.7 ± 4.5 % for a sample 
of 119 CO(l — 0) defeefed normal sfar forming galaxies and a slack of 103 non-defeefions. 

Figure |4.8| (fop panels) shows fhe molecular gas surface densify (Smoi) maps of Gl, G2, 
and G3, where Emoi is calculafed over pixels 80 pc x 80 pc in size. The pixel size was chosen 
in order fo avoid resolving fhe GMCs, which f 5 q)ically have sizes <40 pc (see Figure |4^. The 

^These global molecular-to-SPH gas mass fractions are calculated as Mmoi/Mspn = ™GMC / Z) "*Sph, where 
the sums are over all SPH particles. 
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Figure 4.9 The top three rows show the moment 0 maps of the CO(l—0), CO(3—2) and CO(7—6) emission from Gl, 
G2 and G3. The CO maps have been smoothed using a circular Gaussian with full width at half maximum (FWHM) of 
3 pixels corresponding to 0.24 kpc, and as with the SPH and molecular gas surface density maps, a logarithmic scale 
has been applied in order to better display extended emission. The bottom row shows the azimuthally averaged CO 
3—2/1—0 and 7—6/1—0 brightness temperature line ratios (denoted r 32 and ryg, respectively) as functions of projected 
radius for each of the three galaxies. A radial bin-size of 0.5 kpc was used. Also shown are the azimuthally averaged 
radial profiles of CO-to-H 2 conversion factor aco{R) = S]_[^//qq(i_q) in units of Mq pc~^ (Kkms“^)“^ with a 
dashed line indicating the global nco factor and a dotted line for the disk-averaged nco factor (see Section[4.4.2[. 


molecular gas is seen to extend out to radii of ^ 10 kpc and beyond, but generally the molecular 
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gas concentrates within the inner regions of each galaxy. The distribution of molecular gas 
broadly follows fhe cenfral disk and spiral arms where fhe SPH surface densify (Ssph) is also 
fhe highesf (Figure [4^ . The correspondence is far from one-fo-one, however, as seen by fhe 
much larger exfenf of fhe SPH gas, i.e., regions where H 2 has nof formed despife fhe presence 
of atomic and ionised gas. This poinf is furfher corroborated in fhe boffom panels of Figure 


4.8 which show azimufhally-averaged radial surface densify profiles of fhe molecular gas and 


of fhe Hi + Hll gas. The laffer is simply fhe initial SPH gas mass with the molecular gas mass 
subtracted, and has been corrected (just like the molecular gas phase) for fhe mass confribufion 
from helium. 

In order to compare Sni+Hiiand Smoi wifh observafions, we have sef fhe radial bin widfh 
to 0.5 kpc - fhe fypical radial bin size used for nearby spirals in the work of Leroy ef al. ( 2008| p 
The radially birmed Smoi reaches ~ 800 — 1000 Mq pc“^ in fhe cenfral regions of our simulafed 
galaxies, which is comparable fo observafional estimates of E^oi (of several 100 Mq pc“^) fo- 
wards fhe cenfres of nearby spirals ( [Leroy ef al. 2008| . In all fhree galaxies, fhe Hl+Hll surface 
densify dips wifhin fhe cenfral ^1 — 2 kpc, coinciding wifh a sfrong peak in Emoi- Thus, despife 
the marked increase in the FUV radiation field fowards fhe cenfre, fhe formation of H 2 driven 
by fhe increase in gas pressure is able fo overcome phofodesfrucfion of H 2 fhrough absopfion 
of Lyman or Werner band radiafion. The cenfral H 2 surface densifies are similar for all galaxies 
and is a direcf consequence of very similar SPH gas surface densifies in fhe cenfre combined 
wifh molecular gas mass fractions approaching 1. From R ~ 2 kpc and ouf fo ~ 10 kpc, fhe 
Hi + Hll surface densify remains roughly consfanf wifh values of ^ 40, ~ 70 and ~ 100 Mq 
pc“^ for Gl, G2 and G3, respecfively. 

Radial profiles of fhe Hi and molecular gas surface densify fhaf are qualitafively very sim¬ 
ilar fo our simulafions have been observed in several nearby sfar-forming disk galaxies (e.g., 
Leroy ef al. 2008 Bigiel ef al. 2008| |. In local galaxies, however, fhe Hi surface densify, includ¬ 
ing helium, rarely exceeds ~ 10 Mq pc“^, while in our simulafions we find Hi +H 11 surface 
densifies fhaf are 4 — 10 x higher, which is due fo fhe subsfanfial fracfion of ionised gas in our 
simulated galaxies. 


4.4.2 CO LINE EMISSION MAPS AND RESOEVED EXCITATION CONDITIONS 

Moment 0 maps of fhe CO(l—0), CO(3—2) and CO(7—6) emission from Gl, G2 and G3 are 
shown in Figure |4!^ Bofh fhe GO(l—0) and GO(3—2) emission are seen fo frace fhe H 2 gas 
disfribufion well (Figure [4^ , while fhe GO(7—6) emission only frace gas in the central ~ 7 kpc 
of fhe galaxies. 

Also shown in Figure [A9] (boffom row) are fhe azimufhally averaged GO 3—2/1—0 and 
7—6/1—0 brightness temperature line ratios (denoted r 32 and ryg, respectively) as a function of 
radius for Gl, G2 and G3. The profiles show fhat fhe gas is more excited in fhe cenfral ~ 5 kpc, 
where f 5 q)ical values of r 32 and are ~ 0.55 — 0.65 and ~ 0.02 — 0.08, respecfively, compared 
to r 32 ~ 0.5 and < 0.01 further out in the disk. This radial behaviour of fhe line rafios does 
nof reflecf fhe H 2 gas surface densify, which peaks fowards fhe cenfre rafher fhan flaffens, and 
gradually frails off ouf fo i? ~ 12 kpc insfead of dropping sharply af i? ~ 4—6 kpc (Figure 
[4.9} . Rafher, r 32 and seem fo mimick fhe radial behaviour of Gq (and fhus Ccr)/ which 
makes sense since Go and are fhe mosf imporfanf facfors for fhe infernal GMG femperafure 

^The H 2 surface density maps in Figure are averaged over areas 80 x 80 pc in size, and therefore give higher 
peak surface densities than the radial profiles which are averaged over ~ 0.5 kpc wide annuli. 
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distribution (Figure p\.4| . The central values for r ^2 and ryg increase when going from G1 fo G3, 
as expecfed from fhe elevafed levels of sfar formation densify (and of Go and Ccr, accordingly) 
in fheir cenfral regions. Beyond ~ 6 kpc fhe line rafios are consfanf 0.5 and < 0.01) and fhe 
same for all fhree galaxies, due fo relafively similar Go (and Ccr) there. 

The decrease in r 32 towards the centre has also been observed in nearby galaxies. For M51, 
a spiral galaxy with a smaller SFR than our model galaxies (see Appendix ] A.4| , [Vlahakis et al. 
( |2013[ l measured a median ratio of r 32 = 0.54 for pixels covering fhe cenfral kpc region, buf 
fypical rafios of 0.2 — 0.4 in fhe arm and infer-arm regions. In comparison, our model galaxies 
display larger r 32 rafios and a slighfly less pronounced drop of 0.1 or less when going from fhe 
central kpc region to the outskirts of fhe disk. Mao ef al. ( |2010| | observed 125 nearby galaxies of 
different t 5 rpes and found global r 32 values fo be 0.61 ± 0.16 in normal galaxies, and > 0.89 in 
sfarbursfs and (U)LIRGs. [lono ef ak (2009 1 and Papadopoulos ef al. ( 2012| found slighfly lower 
r 32 in fheir samples of (U)LIRGs, wifh mean values of 0.48 ± 0.26 and 0.67 ± 0.62 respectively 
The r 32 profiles of our model galaxies reveal more highly excifed gas in fheir cenfres fhan in fhe 


disks, wifh cenfral values similar fo fhe observed values fowards (U)LIRGs by Papadopoulos 


ef al. ( |2012| buf below fhose reporfed by Mao ef al. ( |2010| . Finally, Geach & Papadopoulos 
( |2012[ | employed Large Velocify Gradienf (LVG) radiative fransfer models fo examine r 32 in 
different environments. For quiescent clouds similar to very low-excitation gas clouds found 
in M31, fhey showed fhaf r 32 can be as low as ~ 0.13, while dense (n(H 2 ) > 10^ cm“^) sfar- 
forming clouds f 5 rpically have r 32 0.88. Mosf likely a resulf of fheir moderafe sfar formation 

rafes, fhe r 32 radial profiles of our model galaxies lie in befween these more extreme cases. 


4.4.3 The CO-TO-H2 conversion eactor 

The CO-to-H 2 conversion factor (nco) connects CO(l—0) line luminosity (in surface brighfness 
femperafure unifs) with the molecular gas mass (Mmoi) as follows: 


aco = 


flTniol 


L' 


(4.16) 


CO(l-O) 


From fhe CO(l — 0) surface brighfness and H 2 surface densify maps of our simulafed galaxies, 
we calculafe fhe average aco within radial bins from fhe galaxy cenfres (Figure [T^ . The re- 
sulfing radial profiles show fhaf aco is essenfially consfanf as a funcfion of radius, faking on 
values in the range ^ 1.3 — 1.8 Mq pc“^ (Kkms“^)“^ across all three galaxies, except in the 
outskirts of G2 where aco shoofs up fo higher values. The high values of aco iri the outskirts 
of G2 reflecf fhe very low molecular gas surface densifies (see Figure jAS) and resulfing lack 
of CO line emission, rendering aco a meaningless quantify in fhis region. In order to com¬ 
pare with the stellar properties in Table [4T} we will use only the region within R = 15 kpc for 
fhe furfher analysis of CO line emission in G02. Small sysfemafic changes in aco wifh radius 
are seen in all three simulated galaxies as aco is systematically below (above) the global aco 
value, marked with dashed lines, at <5 kpc (>5 kpc). Blanc et al. ( 2013[ l measured a drop in aco 
by a factor of two when going from R ^ 7 kpc fo fhe R < 2 kpc cenfral region of fhe Sc galaxy 
NGC 628, assuming a consfanf gas depletion timescale when converting SFR surface densifies 
info gas masses. For comparison, fhe radial aco profiles of our model galaxies only drop by 
abouf 10% from i? > 7 kpc fo fhe R <2 kpc cenfral region. 

Sandsfrom ef al. (|2013| measured and examined fhe resolved aco values in a sample of 


26 nearby spiral galaxies. A disk-averaged aco value was calculafed for each galaxy, by filing 
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them with pixels of spacing 37.5" (corresponding to pixel sizes of 0.7 — 3.9 kpc^) and calculafing 
the mean of aco values for pixels wifh a sufficienf signal-fo-noise rafio. If was found fhaf, on 
average, fhe galaxies have a cenfral (i? < 1 kpc) aco value a facfor of two below fhe disk- 
averaged aco value. We calculafe disk-averaged aco for our model galaxies in a similar way 
by tiling the galaxies seen face-on wifh 1 kpc^-sized pixels and faking fhe average over pixels 
wifhin fhe cuf-ouf radii i?cut given in Table [4^ The resulting values are shown wifh doffed 
lines in Figure 9 and are no more fhan ~ 1.2x fhe cenfral {R < Ikpc) aco- Our simulafed 
galaxies, fherefore do nof quife reproduce fhe drop in aco f5q3ically observed when going from 
the disk to the central regions of local, spiral galaxies. Alfhough, we nofe fhaf for fhree galaxies 
from the Sandstrom et al. ( |2013| sample (NGC 3938, NGC 3077 and NGC 4536) aco changes by 
only 10 — 16 % from fhe disk fo fhe cenfre, which is in line wifh our simulations. 

The aco facfor is expecfed fo depend on Z', as higher mefallicify means higher G and O 
abundances as well as more dusf fhaf helps shield CO from phofodesfrucfion by FUV light, 
thereby leading to a possibly lowering of aco- -A comparison of fhe aco radial profiles wifh 
fhose of Go and Z' in fhe boffom panel of Figure |4.8} suggesfs fhaf fhe fransifion in aco is 
caused by a change in Go rafher fhan a change in Z', since aco arid Go generally sfarf fo drop 
af around i? ^ 6 kpc while Z' already drops drastically af 1 kpc from fhe cenfre. Our modeling 
therefore implies fhat aco is confrolled by Go rafher fhan Z' in normal sfar-forming galaxies af 
z ~ 2, in agreemenf wifh fhe observations by Sandsfrom ef al. (2013 1 who do nof find a sfrong 
correlafion wifh Z'. 

From fhe fofal molecular gas masses and CO(l — 0) luminosities of Gl, G2, and G3, we 
derive global aco factors of aco = 1-6, 1-5 and 1.4Mq pc“^ (Kkms“^)“^, respectively These 
values are lower (by a facfor ^ 3) fhan fhe inner disk MW value 

(aco,MW — 4.3 ± 0.1 Mq pc“^ (Kkms“^)“^), and closer fo fhe f5q)ical mergers/sfarbursf aco" 
values (~ 0.2 x aco.Mw) inferred from CO d 5 mamical sfudies of local ULIRGs (e.g., Solomon 
et^lj 1997 Downes & Solomon 1998 Bryanf & Scoville 1999[ l and z ~ 2 SMGs (e.g., Tacconi 


ef al. 2008 1 . Our aco'Values are also below fhose inferred from d 5 mamical modeling of z ~ 1.5 
BzKs (aco = 3.6 ± 0.8 Mq pc“^ (Kkms“^)“^; Daddi ef al. |2010| . 

The aco facfors of fhe z ~ 1 — 1.3 sfar-forming galaxies sfudied by Magnelli ef al. ( 2012) 
occupy fhe same region of fhe M*- SFR plan as our model galaxies, buf have aco factors af 
leasf a facfor ~ 6 higher. Their aco are ~ 5 — 20 Mq pc“^ (Kkms“^)“^ when converting dusf 
masses fo gas masses using a mefallicify-dependenf gas-fo-dusf rafio, and Magnelli ef al. ( |2012) 
furfher find fhaf fhe same galaxies have relatively low dusf femperafures of < 28 K compared 
fo fhe galaxies furfher above fhe main sequence of Rodighiero ef al. ( |2010) . The facf fhaf fhe 
main-sequence galaxies of|Magnelli ef al. ( 20121 are all of near-solar mefallicify as ours, cf. Table 


4.1 suggesfs fhaf ofher facfors, such as dusf femperafure caused by sfrong FUV radifion, can 


be more imporfanf fhan mefallicify in regulating aco, in line wifh our sfudy of fhe aco radial 
profiles. 


4.4.4 Global CO line luminosities and spectral line energy dis¬ 
tributions 

The global CO SLEDs of Gl, G2 and G3 are shown in Figure [4T0| in fhree different incarnations: 

1) total CO line luminosities {Lqq^ J, 2) brightness temperature ratios (T’b,co,j,j_i/2b,coi,o = 

^cOj,j_i/^cOi,o)^^d 3) line intensity ratios (/cOj,j_i/-fcOi,o = ^'cOj,j_i AcOi.o ^ ('"cOj,j_i/i^cOi,o)^)- 

We have also compiled relevant CO observations of normal sfar-forming galaxies af z ^ 1 — 3 
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Figure 4.10 Global CO SLEDs of our three model galaxies Gl, G2 and G3 shown as red (dashed), green (dash- 
dot) and blue (dash-dot-dot-dot) curves, respectively. The SLEDs are given as absolute line luminosities in units of 
Kkm s“^ pc“^ (top panel), as brightness temperature ratios normalised to the CO(l—0) transition (middle panel), 
and as velocity-integrated intensity ratios normalised to CO(l—0) (bottom panel). The model CO SLEDs are compared 
with observations of 2 ~ 1.4 —1.6 BzK galaxies (open circles; |Dannerbauer et aL]|2009||Daddi et |2010[[2015||Aravena| 
|et al.||2010||2014|, 2 ~ 1 — 1.5 star-forming galaxies (CO(3—2); empty triangles;|Tacconi et al.||2013(, 2 ~ 1 — 1.3 star- 
forming galaxies (CO(l—0) and CO(2—1); right-facing triangles;|Magnelli et al.||2012|, and 2 ~ 2 — 2.5 BX/BM galaxies 
(CO(3-2); crosses; ITacconi et al.l|2013|. Four BzK galaxies (BzK-16000, BzK-4171, BzK-21000 and BzK-610) have 
been observed in CO(l — 0) and at least one additional transition to date, and are highlighted in the bottom two 
panels by connecting dashed lines and individual symbols. Also shown in the bottom panel, with dotted lines, are the 
line ratio predictions of |Narayanan &: Krumhol^j2014[ (D14), calculated for the Ssfr of our galaxies, Gl to G3 from 
bottom to top (see Section|4.^ 


in order to facilitate a comparison with our simulated CO SLEDs. In addition to the z ~ 1 — 1.5 
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BzK and z ~ 2 — 2.5 BX/BM samples by Daddi et al. ( 2010| and Tacconi et al. (|2013[ l, respec¬ 
tively, this includes 7 star-forming galaxies (SFGs) at z ~ 1.2 ([Magn^li et al.} |2012| and 39 SFGs 
at z ~ 1 — 1.5 ( [Tacconi et al. MT3] |. The galaxies in the sample from Magnelli ef al. ( 2012) are all 
defecfed in CO(2—1) as well as in Herschel/FACS bands, and have log(M*/M 0 ) = 10.36 —11.31 
and SFR~ 29 — 74 M 0 yr“^. The z ^ 1 — 1.5 SFG sample from Tacconi ef al. |2013 1 comes 
from fhe Exfended Growfh Sfrip Infernafional Survey (EGS), is covered by fhe CANDELS and 
3D-HST programs {J — H bands and Ha respectively), and has log(M»/M 0 ) = 10.40 — 11.23 
and SER ~ 28 — 630 M 0 yr“ ^. 

The z ^ 2 — 2.5 BX/BM galaxies of Tacconi ef al. ( [2013 1 are nof only closes! in redshiff fo 
our simulafed galaxies buf also occupy fhe same region of fhe SER—M* plane (see Eigure|4^. 
We find fhaf G2 and G3, fhe fwo mosf massive (M* > 10^^ M 0 ) and sfar-forming (SER > 
80 M 0 yr“^) galaxies of our simulations, have GO(3—2) luminosities of 6.4 x 10® and 9.2 x 
10® Kkms“^ pc®, respectively, in fhe range of CO(3—2) luminosities of fhe BX/BM galaxies. G1 
is jusf below fhis range and abouf a facfor of 4 below fhe average BX/BM luminosify (~ 1.2 ± 
0.9 X 10^® Kkms“^ pc®). All fhree simulafed galaxies have CO(2—1) and CO(3—2) luminosities 


consisfenf wifh fhose of fhe z ~ 1 — 1.5 SEGs observed by Magnelli ef al.|(2012|| and Tacconi 


ef al. (2013 1, which span a range in GO(2—1) and GO(3—2) luminosify of (3.6 — 12.5) x 10® and 
(1.4 — 41.3) X 10® Kkms“^ pc®, respectively Einally we see fhaf fhe z ^ 1.5 BzK galaxies in 
general have higher GO line luminosities across all observed GO fransifions (up fo Jup = 5), 
alfhough af fhe J = 2 — 1 and J = 3 — 2 fransifions fhere is overlap wifh G3. As menfioned 
in Section 4.4.1 fhe molecular gas mass fractions of our galaxies is a facfor ^4 — 5 below fhe 
mean of fhe observed galaxies af z ~ 1 — 2.5 wifh which we compare, and we propose fhis as 
fhe main reason for fhe comparatively low GO luminosities. 

Differences in fhe global CO excifafion conditions between Gl, G2 and G3 are besf seen 
in fhe CO(l—0) normalised luminosify (and infensify) ratios, i.e., middle (and bottom) panel 
in Eigure |4.10| The CO SLEDs of all fhree galaxies follow each ofher quife closely up fo fhe 
J = 3 — 2 fransifion where fhe SLEDs all peak; af 3 < Jup < 7 fhe SLEDs gradually diverge. 
While fhe mefallicify disfribufions in Gl, G2 and G3 are similar (see Eigure A.3| , fhe rise in Go 
presenfs a likely cause fo fhe increasing high-J flux when going from Gl fo G3, as higher Gq 
leads fo more flux primarily in fhe J > 4 fransifions (see Eigure [Ah I. 

Our simulafed galaxies are seen fo have CO 2—1/1—0, 3—2/1—0, and 5—4/1—0 brighfness 
femperafure ratios of r 2 i — 1, r 32 ~ 0.6, and ~ 0.15, respectively The firs! fwo rafios 
compare exfremely well wifh fhe line rafios measured for BzK—4171 and BzK—21000, i.e., r 2 i ~ 
0.9 — 1, and r 32 ~ 0.5 — 0.6 ( [Darmerbauer ef’aL 2009 Aravena ef al.)[2010 Daddi ef al. 2010 


2015) , and suggesf fhaf our simulafions are able fo emulafe fhe f 5 q)ical gas excifafion condifions 
responsible for fhe excifafion of fhe low-J lines in normal z ~ 1 — 3 SEGs. In confrasf, r 54 = 
0.3 — 0.4 observed in BzK—4171 and BzK—21000 (Daddi ef al. 2015) , is nearly 2x higher fhan 
our model predictions. Daddi ef al. ( 2015) argue fhaf fhis is evidence for a componenf of denser 
and possibly warmer molecular gas, nof probed by fhe low-J lines. In fhis picfure, we would 
expecf CO(4—3) fo probe bofh fhe cold, low-excifafion gas as well as fhe dense and possibly 
warm sfar-forming gas fraced by fhe CO(5—4) line, and we would expecf CO( 6 —5) fo be arising 
purely from fhis more highly excifed phase and fhus departing even furfher from our models. 

However, significanf scatter in fhe CO line rafios of main-sequence galaxies is fo be ex- 
pecfed, as demonsfrafed by fhe significanfly lower line rafios observed towards BzK—16000: 
r 2 i ~ 0.4, r 32 ~ 0.3, and r 54 ~ 0.1 ( [Aravena ef al. 2010 Daddi ef al. 2010 2015) and, in facf, 
fhe average r 54 for all fhree BzK galaxies above (~ 0.2; Daddi ef al. 2015 1 is consisfenf wifh 
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our models. It may be that G2 and G3, and perhaps even Gl, are more consistent with the CO 
SLEDs of the bulk 0^1 — 3 main-sequence galaxies. We stress, that to date, no z ^ 1 — 3 main 
sequence galaxies have been observed in the J = 4 — 3 nor the 6 — 5 transitions, and observa¬ 
tions of fhese lines, along wifh low- and high-J lines in many more BzK and main-sequence 
z ~ 1 — 3 galaxies are needed in order to fully delineafe fhe global CO SLEDs in a sfafisfically 
robusf way. 


4,5 Testing different ISM models 


In fhis section we invesfigafe fhe effecfs on our simulafion resulfs when adopfing i) a more 
fop-heavy GMC mass specfrum wifh a slope of /3 = 1.5, ii) a sfeeper GMC densify profile, 
i.e., a Plummer profile exponenf of —7/2, and iii) a GMC model grid fhaf includes Pext as a 
fourth parameter. In order to carry out option iii), the GMC model grid was produced for 


Text/fee = 10"* cm ^ K (defaulf), 10 


l5.5 3 


K and 10® ' 


cm 


-3 


K, allowing for a look-up fable of 


CO SLEDs in (Gg, mcMC/ ^ext) paramefer space. 

We examine fhe effecfs fhaf options i)-iii) have on fhe global CO SLED of galaxy G2 (Eig- 
4.11| and how combinations of option i) and ii) change fhe values of fhe global CO-fo-H 2 


ure 


conversion facfor for all fhree simulafed galaxies (Table |44| . Also, we show fhe impacf fhaf 
changes ii) and iii) have on fhe CO SLEDs of fhe individual GMC grid models in Eigures |A.6| 
and lA.^ 

Changing fhe GMC mass specfrum from /3 = 1.8 fo 1.5 leaves fhe CO SLED virfually un¬ 
changed wifh only a marginal increase in fhe line flux ratios for J^p > 4. This holds true re¬ 
gardless of whaf has been assumed for ii) and iii) (compare solid vs. dashed and dof-dashed vs. 
doffed curves in Eigure |4.11| . Also, changing /3 from 1.8 fo 1.5 does nof lead fo any significanf 
change in aco (Table [T^ . 

Adopfing fhe modified Plummer densify profile wifh an exponenf of —7/2 insfead of —5/2 
resulfs in significanfly higher global line ratios for J^p > 3 (see doffed vs. dashed curve and 
dof-dashed vs. solid curves in Pigure |4.11| . This is due fo fhe higher cenfral densities achieved 
for fhe modified Plummer profile which, as shown in Pigure A.6 leads fo an increase in fhe 
excifation of fhe higher J lines relafive fo fhaf of fhe low-J lines. Significanfly higher aco 
values (~ 3.6 Mq pc“^ (K kms“^)“^) are obfained when adopfing a modified Plummer profile 
(Table |A4| . These are in excellenf agreement with the aco values inferred for z ~ 1.5 — 2 
BzK galaxies by |Daddi ef al.| ( |2010[ . In our simulations, fhe higher aco values are due fhe 
sfeeper densify profile which leads fo smaller GMC sizes and fherefore smaller CO(l — 0) fluxes 


(Pigure A .61 and, ulfimately, a lowering of fhe fofal CO(l — 0) luminosify of fhe galaxy. 

Including exfemal pressures of Lext/^B = 10®'® cm ® K and 10® ® cm ® K in fhe GMC model 
grid (see Section 4.3.4[ , means fhaf fhese pressure values are assigned fo GMCs wifh Pext /in 
the ranges lO'*'^® — 10® and > 10® cm“® K, respectively. The higher pressures now experienced 
by thes e su bsets of GMCs resulfs in smaller radii since Pgmc oc for a given mass 

(see eq. 4.9 c Their velocify dispersio ns an d d ensiti es increase since oc Pg/^ and npi^{R — 
0) cx for a given mass (see eqs. 4.10 and 4.11 1 . The nef effecf fhis has on fhe global CO 


SLED is depicfed in fhe boffom panel of Pigure 4.11 Line rafios wifh Jup = 3 are lowered, and 
increasingly so for higher J, resulfing in a sfeeper decline af high (Jup > 4) fransifions. 
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Table 4.4 The global H 2 -to-CO conversion factors (in units of Mq pc“^ (K kms“^)“^), averaged 
over Gl, G2, and G3, for combinations of assumptions i) and ii). The pressure has been kept 
fixed at Pext/^B = 10^ cm“^ K. 
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Figure 4.11 Global CO SLEDs of our model galaxy G2 for different choices of ISM prescriptions. Top: For a pressure 
fixed of 10^ cm“^ K. Bottom: Using the Pext as a fourth parameter in the CMC model grid (see Section ^ 


1.3.4 . 


4.6 Comparison with other models 


The sub-grid physics implemented by SI GAME assumes that the scaling-laws and thermal bal¬ 
ance equations that have been established for GMCs in our own Galaxy can be applied to the 
ISM conditions in high-z galaxies. In this respect, SI GAME does not differ from most other nu- 


merical simulations of the molecular line emission from galaxies (e.g.. 

Narayanan et al. 

2006 

Pelupessy et al. 2006 

Greve & Sommer-Larsen 2008 

Christensen et al. 

2012||Lagos et al. 

2012 

Munoz & Furlanetto 

2013 Narayanan & Krumholz 2014 Lagos et a 

. 2012 Popping et al. 


2014[|, although there are of course differences in the range and level of detail of the various 
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sub-grid physics implementations. Here we highlight and discuss some of these differences 
between SI GAME and ofher simulations. 

Firsf, however, we compare fhe S f GAME CO SLEDs of Gl, G2, and G3 wifh fhose predicfed 
by ofher CO emission simulafions of similar main-sequence galaxies. A direcf comparison can 
be made wifh fhe models presenfed by [Narayanan & Krumholz ( 2014) , where fhe global CO 
SLED is paramefrised as a funcfion of fhe luminosify weighfed SER surface densify (Esfr)- We 
approximafe a luminosify weighfed Esfr by calculafing a mean of Esfr for 1 kpc^ pixels across 
fhe galaxies seen face-on, weighfed by fhe fofal SER wifhin fhe pixels. Wifh fhis procedure, 
Gl, G2 and G3 have Esfr of 3.0, 2.9 and 3.8 Mq yr“^ kpc^, respectively, and fhe resulting CO 
SLEDs inferred from fhe Narayanan & Krumholz ( 2014) paramefrisafion are shown as doffed 
lines in fhe boffom panel of Eigure |4.10| These are seen fo peak at Jup = 5 and not 3 as the 
S f GAME CO SLEDs do. Also, the line flux ratios are significanfly higher for all fransifions above 
Jup = 2. Bofh sef of models agree on fhe r 2 i ratio, buf follow disfincf CO SLED shapes for fhe 
remaining fransifions. The models also seem fo suggesf one dominating ISM phase, whereas 
the observed CO SLED of fhe BzK galaxies indicafe a more complex mulfi-phased ISM. 

Combining a semi-analyfical galaxy formation model with a photon-dominated region code, 
Lagos et al. ( 2012) made predictions of fhe CO SLEDs of z = 2 galaxies as a funcfion of fheir IR 
luminosifies. They found fhaf for galaxies wifh infrared luminosifies Lir ^ 10^^ ® — 10^^'^ Lq 


110 


- which is fhe range found for Gl, G2, and G3 if one adopfs Lir/Lq = SFR/[Mq yr“^] x 10 
( |Kennicijtt||1998[ for a Chabrier IME) - the CO SLEDs (when converted to velocity integrated 
flux ratios in order fo compare with the bottom panel of Eigure |4.10) peak af J = 3 — 2, in 


agreemenf wifh our model galaxies. However, fhe line ratios of fhe CO SLEDs of Lagos ef al 


( |2012) are consisfently above ours up fo Jup = 7, buf cross over our models af Jup = 7 and go 
below af Jup = 8. In ferms of CO line luminosify, our model Gl agrees besf wifh fhe models of 
Lagos ef al. ( |2012) , lying wifhin fhe 10-90 percentile ranges (80% of their galaxy distribution) 
for fhe CO luminosifies of their sample for 2 < Jup < 8, buf slighfly below for fhe firsf fwo 
fransifions and for Jup > 7. G2 and G3, lying roughly a factor 2-4 above Gl, are oufside fhe 


10-90 percentile ranges of fhe models from Lagos ef al. ( |2012) . 

Popping ef al. ( |2014) , in fheir semi-analyfical sfudy of MS galaxies at z = 0, 1.2 and 2, 
found fhat for galaxies wifh far-infrared (EIR) luminosifies of Lrir = 10^^ — 10^^ Lq, fhe CO 
SLED peaks af CO(3—2) or CO(4—3) af z = 0, buf af CO(6—5) af z = 2, as a resulf of denser 
and warmer gas in their model galaxies. The CO luminosities of our galaxies G2 and G3 are 
in broad agreemenf wifh fhe corresponding models by Popping ef al. ( 2014) af CO(4—3) and 
(5—4) for similar SPRs. Buf af Jup < 4 our galaxies are above while af Jup > 5, our galaxies are 
below fhose of Popping ef al. (|2014) up until Jup = 9 where fhe SLEDs cross again. 


• Implementation of Go and ^cr 

sIgame sfands ouf from mosf ofher simulafions fo dafe in fhe way fhe EUV radiafion field 
and fhe CR flux fhaf impinge on fhe molecular clouds are modelled and implemenfed. Mosf 
simulations adopt a fixed, galaxy-wide value of Go and Ccr/ scaled by fhe fofal SER or average 
gas surface densify across fhe galaxy (e.g., Lagos ef al. 2012 Narayanan & Krumholz 2014) . 
sIgame refines fhis scheme by defermining a spatially varying Go (and Ccr) sef by fhe local 
SPRD, as described in Secfion |4.3.3 By doing so, we ensure fhaf fhe molecular gas in our simu¬ 
lafions is calorimefrically coupled fo fhe sfar formation in fheir vicinify. If we adopf fhe mefhod 
of Narayanan & Krumholz ( 2014) and calculafe a global value for Go by calibrating fo fhe MW 
value, using SPRmw = 2 Mq yr“^ and Go,mw = O.OHabing, our galaxies would have Go rang- 
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ing from about 12 to 42, whereas, with the SFR surface density scaling of Lagos et al. ( 2012| , 
global Go values would lie between about 6 and 9. For comparison, the locally determined 
Go in our model galaxies spans a larger range from 0.3 to 27 (see Figure [A3) . [Narayanan & 
Krumholz (20141 determine the global value of Ccr as 2 x corresponding to values 


of 3.7 — 6.2 X 10 ^^s ^ in our model galaxies, when using the mass-weighted mean of Z' in 

-17s-l 


each galaxy. Typical values adopted in studies of ISM conditions are around (1 — 2) x 10 
( [Wolfire et al. [2010 [Glover & Clark 2012) , but again, the local values of (^cr in our galaxies 
span a larger range, from 1.3 x 10“^^ to 1.3 x 10“^® s“^. Adopting the method of Narayanan 


& Krumholz ( [2014) for Go and Ccr in our galaxies, leads to higher CO luminosities at J^p > 2, 
but very similar CO(l — 0) luminosities which together with slightly reduced molecular gas 
masses result in smaller aco factors by about 7 — 8 %. 

• The molecular gas mass fraction 

In SI GAME the molecular gas mass fraction is calculated following the work by Pelupessy 
iFIil ( [2006) (P06), in which depends on temperature, metallicity, local FUV field, and 


boundary pressure on the gas cloud in question. Other methods exist, such as those of Blitz & 


Rosolowsky (|2006) and Krumholz et al. ( 2009) (K09). The K09 method, which was adopted by 


e.g. 


Narayanan & Krumholz ([2014), e^ablishes from local cloud metallicity, dissociating 


radiation field and column density. In Figure [4.12| we compare the K09 method to that of P06. 
The gas surface density that enters in the K09 method was estimated within 1 kpc of each SPH 
particle, as used in our calculation of Pext (see Section 4.3.31. 


The two methods agree for molecular gas fractions >80%, which are seen to be dominated 
by SPH particles with high metallicities (i.e., log Z'>0.3). At lower molecular gas fractions the 
agreement between the two methods exhibit an increasing scatter. Also, systematic, metal¬ 
licity dependent differences are seen between the two methods. For high metallicity gas, the 
P06 method gives systematically higher molecular gas fractions than the K09 method. At low 
metallicities (i.e., log Z'<0.2) the K09 method tends to result in higher molecular gas fractions 
than P06. The above is the result of the K09 method having a much weaker dependance on 
Z' Krumholz et al. ( [2009 1 than the P06 method (see Section [4.3.3) . Despite these differences, 
we find that using the K09 instead of the P06 method does not change the total molecular gas 
mass significantly: /moi for Cl, G2 and G3 goes from 12.2,10.0, 9.2 % to 11.4, 10.7 and 10.3 %, 
respectively. 

A common feature of the above Hi —H 2 prescriptions is that they assume an instanta¬ 
neous Hi to H 2 conversion. However, as pointed out by Pelupessy et al. ( |2006) , the typical 
timescales for H 2 cloud formation are of order ~ 10^ yr, which are comparable to the time- 
scales of a number of processes, such as cloud-cloud collisions and star formation, that can po¬ 
tentially alter or even fully disrupt typical molecular clouds and drive H 2 formation/destruction 
in both directions. Ideally, therefore, a comprehensive modeling of the Hi —H 2 transition 
should be time-dependent. Relying on the findings of [Narayanan et'aL ([2011) and Krumholz 


& Gnedin ( 2011) , the static solution for H 2 formation is a valid approximation for Z' > 0.01, 
which is the case for the three model galaxies studied here. 

• CO abundance 

S f GAME assumes a constant CO abundance relative to H 2 , which for the simulations presented 
in this work was set to the Galactic CO abundance, i.e., [CO/H 2 ] = 2 x 10“^. In reality, H 2 gas 
can self-shield better than the CO gas, creating an outer region or envelope of 'CO-dark' gas 
([Bolatto et al. 2008). Observations in the MW by Pineda et al. (2013) indicate that the amount 
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Figure 4. 12 Comparison o f two methods for calculating the molecular gas mass fraction, /^^j, of SPH particles in 
Gl: That of|Pelupessy et al.|j2006} with external cloud pressure derived from hydrostatic mid-plane equilibrium as 
done in this work (abscissa) and that of|Krumholz et al.|f2009| (ordinate) used by e.g.,|Narayanari & Krumholz|j2014(, 
color-coded by metallicity. 


of dark gas grows with decreasing metallicity and the resulting absence of CO molecules. By 
modeling a d 3 mamically evolving ISM wifh cooling physics and chemisfry incorporafed on 
small scales, Smifh ef al. ( 2014| showed fhaf in a f 5 rpical MW-like disk of gas, fhe CO-dark 
gas mass fracfion, /dg =/ defined as having infegrafed CO infensify Wco < O.lKkms”^, 
is abouf 42 %, buf up fo 62 % in a radiafion field fen fimes fhaf of fhe solar neighbourhood. 
While Smifh ef al. ( |2014[ kepf mefallicify fixed fo solar, Wolfire ef al. ( |2010| found /dg values 
of abouf 0.5 — 0.7 for fhe low mefallicify cases wifh Z' = 0.5 in 10® Mq clouds immersed in fhe 
local infersfellar radiafion field. Recenfly, Bisbas ef al. (2015) argued fhaf CR ionizafion rafes of 
10 — 50 X Cgr.mw can effecfively desfroy mosf CO in GMCs. 

Thus, if is expecfed fhaf [CO/H 2 ] is lower in regions of low mefallicify and/or infense FUV 
and CR fields, effecfively leading fo underesfimates of fhe aco conversion factor when nof ac- 
counfed for in models. Since in fhis work we have resfricfed our simulafions fo main-sequence 
galaxies wifh solar or higher fhan solar mefallicifies, adopting a consfanf Galactic [CO/H 2 ] 
seems a reasonable choice, buf see Lagos ef al. ( |2012[ |, Narayanan ef al.| ( |2012| and Narayanan 
& Krumholz (|2014 1 for alfernafive approaches. 


• GMC density and thermal structure 

When solving for fhe femperafure sfrucfure of each GMG, SI GAME includes only fhe mosf 
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dominant atomic and molecular species in terms of heating and cooling efficiencies. SI GAME 
also ignores healing via X-ray irradiafion and furbulence. In parficular, if has been shown 
wifh models fhaf furbulenf healing can complefely confrol fhe mean femperafure of molecular 
clouds, exceeding fhe heating from cosmic rays ( [Pan & Padoan 2009| . Our comparison of ob¬ 
served CO SLEDs af z = 2 with those of sfGAME, suggesf fhaf our simulations are missing a 
warm gas component, which could be explained, at least in part, by the exclusion of furbulenf 
healing. We have, however, checked our Tk —uh 2 curves in Figure [Al4| againsf fhose of Glover 


& Clark (2012), who performed fime-resolved, high-resolufion {5m ~ 0.05 — 0.5 M©) SPH sim- 


ulafions of individual FUV irradiafed molecular clouds using a chemical nefwork of 32 species 
(see fheir Figure 2). Overall, fhere is greaf similarify in fhe Tk vs. riHj behaviour of fhe fwo sefs 
of simulafions. This includes fhe same main frend of decreasing femperafure wifh increasing 
hydrogen densify, as well as fhe local increase in Tk af ~ 10^ — 10^ cm“^ and fhe subsequenf 
decrease fo Tk < 10 K af UHa > 10^ ® cm“^. Thus, our GMCs models, despife fheir simplified 
densify profiles and chemisfry, seem fo agree well wifh much more defailed simulafions. 


4.7 Summary 

In fhis chapfer we have presenfed SI GAME, a code fhaf simulafes fhe molecular line emission 
of galaxies via a defailed posf-processing of fhe outpufs from cosmological SPH simulations. 
A sequence of sub-grid prescriptions are applied to a simulation snapshot in order to derive 
the molecular gas density and temperature from fhe SPH parficle informafion, which includes 
SFR, gas densify, femperafure and mefallicify. 

A key aspecf of S f GAME is fhe localised coupling befween fhe sfar formation and the energet¬ 
ics of fhe ISM, where fhe sfrengfh of fhe local FUV radiafion field and CR ionizafion rafe fhaf 
impinge and heaf a cloud scales wifh fhe local sfar formafion rafe densify. The radial fempera¬ 
fure profile of each GMC is calculafed by balancing fhe heafing rafe wifh cooling from H 2 , CO, 
Ol, and [Cll] lines in addifion fo gas-dusf inferacfions. In fhese fhermal balance calculations, 
S f GAME takes into account the local enrichment of fhe gas, which is a crifical paramefer for fhe 
cooling rafes. The CO emission line specfrum from a grid of GMC models is calculafed using 
fhe 3D radiative transfer code LIME. 

We used SI GAME fo creafe line emission velocify-cubes of fhe full CO rofafional ladder 
for fhree cosmological N-body/SPH simulafions of massive (M* > 10^° ® Mq) main-sequence 
galaxies af z = 2. 

Molecular gas is produced more efficienfly towards fhe cenfre of each galaxy, and while Hi 
surface gas densifies (including helium) do nof exceed ^100 Mq pc“^ an 5 rwhere in fhe disk, 
central molecular gas surface densifies reach ^ 1000 Mq pc“^ on spafial scales of 100 pc x 
100 pc, in good agreemenf wifh observafions made af similar spafial resolufion. This sfrong 
increase in molecular surface densify is broughf on by a similar increase in tofal gas surface 
densify, overcoming fhe increase in phofo-dissociafing FUV field fowards fhe cenfre of each 
galaxy. 

Turning fo fhe CO emission, fhe velocify-infegrafed momenf 0 maps reveal disfincf differ¬ 
ences in fhe various fransifions as molecular gas fracers. The morphology of molecular gas in 
our model galaxies is well reproduced in CO(l-O), buf going fo higher fransifions, fhe region 
of CO emiffing gas shrinks towards the galaxy centres. The global CO SLEDs of our simulafed 
galaxies all peak af J = 3 — 2. Recenf CO(5 — 4) observafions of z ~ 1.5 BzK galaxies seem fo 
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suggest that these galaxies actually peak at higher J. The CO(3 — 2) line luminosities of our 
model galaxies are within the range of corresponding observed samples af redshiffs z ^ 1 — 2.5, 
however on fhe low side. In parficular, fhe model galaxies are below or af fhe CO luminosifies 
of BzK-selecfed galaxies of comparable mass and SFR buf af z ~ 1.5. The low luminosifies are 
mosf likely a consequence of molecular gas mass fracfions in our galaxies being abouf ^4 — 5 
fimes below fhe observed values in fhe sfar-forming galaxies af z = 1 — 2.5 used fo compare 
with. 

Combining the derived H 2 gas masses with the CO(l — 0) line emission found, we inves- 
figafe local variafions in fhe CO-H 2 conversion factor aco- The radial aco profiles all show 
a decrease towards fhe galaxy cenfres, dropping by a factor of ~ 1.2 in fhe central R < 2kpc 
region compared to the disk average, the main driver being the FUV field rafher fhan a gra- 
dienf in densify or mefallicify. Global aco factors range from 1.4 fo 1.6 Mq pc“^ (Kkms“^)“^ 
or abouf 0.3 fimes fhe MW value, buf closer fo values for z ~ 1.5 normal sfar-forming galaxies 
idenfified with the BzK colour criteria. Changing the GMC properties from what is observed 
in the MW and local galaxies to a steeper GMC density profiles and/or a shallower GMC mass 
specfra, resulfed in elevafed aco values of up fo 0.9 fimes fhe MW value. 

The CO luminosify ratios of CO 3—2/1—0 and 7—6/1—0 (r 32 and r 76 respecfively) drop 
off in radius abouf where fhe FUV radiafion drops in intensify, and are fhus likely confrolled 
by fhe FUV field as is aco- The global rafios of r 2 i ~ 1 and r ^2 — 0.6 agree very well wifh 
observafions of BzK galaxies, while fhe r 54 of abouf 0.15 is low compared to recent observations 
in BzK—4171 and BzK—21000. The low flux from high CO fransifions in our models compared 
fo observations could be explained, at least in part, by our omission of furbulenf heafing in 
S f GAME. However, more observafions of Jup > 3 lines fo wards high-z main-sequence galaxies, 
such as fhe BzKs, are sfill needed in order fo defermine fhe furn-over in fheir CO SLEDs and 
beffer consfrain fhe gas excifafion. 

Finally, we nofe fhaf SI GAME in principle is able fo simulafe fhe emission from a broad range 
of molecular and atomic lines in fhe far-IR/mm wavelengfh regime provided measured colli¬ 
sion rafes exisf, such as fhose found in fhe LAMDA dafabas^ For more on fufure applicafions 
of SI GAME, see fhe Ouflook chapter after fhe following chapter. 


“http://www.strw.leidenuniv.nl/-moldata/ 
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5 


[Cll] LINE EMISSION FROM GALAXIES 


5.1 Probing the neutral and ionized gas 


^P3/2 


^Pl/2 


[Cll]157.7|jm 




Being the fourth most common element after hydro¬ 
gen in the Milky Way (MW), it comes as no surprise 
that carbon is nearly ubiquitous thoughout the var¬ 
ious phases of fhe ISM in sfar-forming galaxies (e.g. 
[Darfois & Muhoz-Caro| |2007t [Esfeban ef al.| |2014t 
IJames ef al. 2014^ . Much of fhaf carbon is ionized 
by fhe ulfraviolef (UV) radiafion permeafing fhe ISM, 
due fo fhe low ionizafion pofenfial of carbon (11.3 eV 
cf. 13.6 eV for hydrogen). As a resulf, singly ionized 
carbon (Cll) is found in regions of ionized as well 
as neufral gas. In bofh regions, fhe ^P3/2‘^Pl/2 fine 
sfrucfure fransifion of Cll can be collisionally excifed 
by elecfrons (e“), atoms (Hi) or molecules (H 2 ), de¬ 
pending on fhe gas phase, resulfing in an emission 
Ime af 157.714 pm or 1900.5369 GHz (hereafter [Cll]). 
The crifical densities of [Cll] are only 16cm“^, 2400 cm“^ and 4800 cm“^ for collisions wifh 
e“. Hi and H 2 respecfively af a femperafure of 500K (Goldsmifh ef al. 2012 1 . Togefher, fhese 


Figure 5.1 The two level system of ionized car¬ 
bon leading to the line emission at ~ 158/rm. 
The excitation happens via collisions with either 
electrons, atoms or molecules. 


fads are whaf makes [Cll] one of fhe sfrongesf cooling lines of fhe ISM, wifh a line luminosify 
equivalenf fo ~ 0.1 — 1% of fhe far-infrared (FIR) luminosify of galaxies (e.g. Sfacey ef al.[ 1991 
[Brauher ef al.}[2008) . 


5.2 Observations oe [Cii] emission in galaxies at high 

AND LOW REDSHIET 

Due fo high afmospheric opacify af fhese frequencies, observations of [Cll] in fhe local Universe 
musf be done af high alfifudes or in space. Indeed, fhe very firsf defections of [Cll] towards 


Galactic objects (|Russell et al. 1980 Stacey et al. 1983 

Kurfz ef al. 

1983) and other galaxies 

(jCrawford ef al. jl985J Sfacey ef al. 1991 Madden ef al. 

1992|| were done wifh airborne obser- 


vafories such as fhe NASA Lear Jef and fhe Kuiper Airborne Observafory. The advenf of fhe 
Infrared Space Observafory (ISO) allowed for fhe firsf sysfemafic [Cll] surveys of local galaxies 
(e.g. Malhofra ef al. 1997 Luhman ef al. 1998 2003| . Defections of [Cll] af high -2 have also 
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become feasible over recent years with ground-based facilities ( [Hailey-Dunsheath et al.[ 2010 
Stacey et al.||2010|l, as well as the Herschel Space Observatory (see the recent review by |Casey 
iFaLl [20141 . 


5.2.1 The [Cii] deficit 

Early observations and modeling suggested that [Cll] is predominantly associated with Pho¬ 
todissociation Regions (PDRs) in the outskirts of molecular clouds exposed to intense far- 
ultraviolet (FUV) ratiation, hence predicting a strong correlation between [Cll] luminosity, 
L[c,i], and that of reprocessed FUV light as measured in far-infrared (FIR), Lfir (Tielens & 
Hollenbach 1985 Crawford et al. 19851 . However, a deficit in h[cii] relative to Lfir was soon 
observed towards local ultraluminous infrared galaxies (ULIRGs) and high-z galaxies domi- 


nated by an 

AGN (e.g. Malhotra et al. 

1997 

Luhman et al. |1998 

Malhotra et al. 2001 Luhman 

et al. 2003 

Diaz-Santos et al. 

2013 

Farra 

1 et al. 

20T3|. Some indications suggest that this 


'[Cll] deficit' persists at high-z, with the ratio extending to other FIR lines (e.g. Gracia-Carpio 
et al. 20111, though the existence of a high-x deficit is debated (Hailey-Dunsheath et al.[|2010[ 


Wagg et al.[|2010 De Breuck et al. 2011 Ferkinhoff et al.[ 2011} Swinbank et al. 20121 . Magdis 


et al. ( [20141 find that intermediate x ~ 0.3 ULIRGs actually fall on the relation for local normal 
galaxies measured by Malhotra et al. ( [20011 , suggesting that high-z ULIRGs are in fact scaled- 
up versions of local star-forming galaxies, rather than the disturbed systems resulting from 
mergers that are t 5 rpically associated with local z < 0.2 ULIRGs. The [Cll] deficit increases 


with higher dust temperatures on both global and resolved scales in local galaxies (e.g Croxall 
et al. 2012 Diaz-Santos et al. 2013} Herrera-Camus et al. 2015| , shown with an example in 
Fig. 5.2 suggesting that dust plays a crucial role in controlling the L[cii] /Cfir ratio. 



Diaz-Santos et al. 


2013 for local luminous infrared galax- 


Figure 5.2 The [Cll] deficit as investigated and plotted by 
ies (LlRGs). Deviation from the global [Cll]-F1R relation increases with dust temperature corresponding to increasing 
60/100 fim color. 


Various scenarios have been put forward as causing the [Cll] deficit (see a summary of these 


in e.g. Malhotra et al. 2001 Herrera-Camus et al. 2015|, but a consesus has not been achieved 


with observations and models so far. Favoured scenarios causing the [Cll] deficit are ones in 
which the efficiency of the FUV light to heat the gas is decreased or obscuring dust absorbs the 
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FUV radiation before it reaches the potential sources of [Cll] emission. Such scenarios include 
i) large Hll regions created by high ionization parameters where most of the FUV radiation 


is absorbed by dust rather than goes to heating the gas via photo-ionization (e.g. Tielens & 
Hollenbach 1985 Abeletal. 2009 Gracia-Carpio et al. 2011 Croxalletal. 2012| , ii) high levels 
of grain charging, primarily in PDRs, which decrease the efficiency of photoelectric heating of 
the gas by FUV radiation (e.g. Malhotra et al. 2001 Croxall et al.} 2012 |Ibar et aL 2015| , and iii) 
dust-bounded clouds or PDRs in ULIRGs, where high dust masses in the Hit regions absorb 
most FUV light before it reaches regions with more ionized carbon ( [Luhman et al. 2003 Farrah 
^FaLllM^lAbel et al.||200^ . 


5.2.2 Contributing gas phases to the [Cii] emission 

Knowing the relative contributions to U[cii] from different gas phases in the ISM would help 
sorting out in the possible causes for the [Cll] deficit. But observations of [Cll] emission alone, 
will not readily give away information on the different ISM phases contributing, unless com¬ 
bined with some other gas tracer such as [Nil] (122 pm) ( [Malhotra et al. |200T| or Hi (21 cm) 
as well as CO line emission as done by [Pineda et al. ( [2013| for the MW, in order to separate 
contributions from ionized, neutral and molecular gas. Updated in Pineda et al. ( [2014[ |, the 
ISM phases considered are found to contribute with rougly amounts to the total U[cii] with 
30 % from dense PDRs, 25 % from cold Hi, 25 % from CO-dark H 2 gas and 20 % from ionized 
gas. Observing 60 normal, star-forming galaxies in [Cll] and [Nil], Malhotra et al. ( [2001| es¬ 
timated that a rough mean of 50 % of U[cii] comes from ionized gas and the rest from PDRs. 
Even larger PDR contributions were found in the giant Hll region Nil in the Large Magellanic 


Cloud (LMC), by Lebouteiller et al. (20121 who conclude, from comparison of [Cll] with [Nil], 
that 95 % of L[cii] arises in diffuse PDRs, whereas dense PDRs are better traced by [Ol], also 
considered the second most important cooling line in neutral gas. 


5.2.3 [Cll] AS A STAR EORMATION RATE TRACER 

Since [Cll] is sensitive to the local FUV field which itself probes OB star formation activity, 
it was early on suggested that L[cii] correlates with SFR of a galaxy, and observations soon 


revealed a L[cii] -SFR correlation for nearby galaxies ([Stacey et al. 


et al. 


et al. 


2002 


1991 


Leech et al. 


1999 


Boselli 


More comprehensive studies were performed by[de Looze et'H? ([2011|; De Looze 


(2014 1 and Farrah et al. ([2013[l for modest star-forming galaxies and ULIRGs in the local 


Universe. The scatter in the L[cii]-SFR relation is substantial though, apparently irregardless of 
the overall galaxy classification ( [Sargsyan et al. 2012| , and increasing towards low metallicity, 
warm dust temperatures and large filling factors of ionized, diffuse gas ( [De Looze et al. 2014| . 

With the Photodetector Array Camera & Spectrometer (PACS) on board Herschel, resolved 
observations of [Cll] in local galaxies became possiple (e.g. De Looze et al.j 2014 Herrera- 
Camus et al. 2015 Kapala et al.j 2015| , and the advent of the Atacama Large Millimeter Array 
(ALMA) promises to make such detections and observations relatively routine, even at high-z 


(e.g. Wang et al. 2013 1 . The L[c,i]-SFR relation has now also observed on kpc-scales in local 
galaxies as a kind '[Cll] KS relation' between surface density of SFR, Esfr/ and that of [Cll] 
luminosity, Sjcn] (e.g. De Looze et al. 2014 Herrera-Camus et al. 2015 Kapala et al. 2015J. 
Kapala et al. ( 2015| concluded that [Cll] traces SFR in the spiral arms of the Andromeda Galaxy 
(M31) similarly to what is seen in larger samples of more distant galaxies, although with a 
significant contribution to [Cll] from outside star-forming regions, and a shallower slope of the 
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S[c„]'SsFR relation on ~ 50 pc scales than on kpc scales. For the MW, Pineda et al. (2014 1 find 


that only the combined emission of all gas phases, leads fo a slope of fhe Sjchj-Ssfr relafion in 
agreemenf wifh exfragalacfic observafions. Buf fhe Sjchj-Ssfr relafion for local galaxies also 
suffers from a greaf deal of scaffer. De Looze ef al. ( |2014| find, when observing 32 local dwarf 
galaxies on kpc-scales, fhaf fhis scaffer is mosf likely due fo infernal ISM condifions, rafher fhan 
large variafions wifhin individual galaxies. Analyzing 46 nearby (mosfly spiral) galaxies from 
fhe Herschel KINGFISH sample, Herrera-Camus ef al. ( 2015) succeeded in reducing fhe scaffer 
on fhe S[cii]-SsFR relafion af warm IR colors, by deriving a sef of IR color adjusfmenfs fhaf can 
be applied fo normal, sfar-forming galaxies in fhe absence of sfrong AGNs. Buf a firm physical 
reason for fhe scaffer is sfill missing. 

Mefallicify is a pofenfially imporfanf facfor for fhe L[c„]-SFR, as an increase in mefallicify 
franslafes info a higher mass fracfion of carbon and dusf, bofh of which affecf fhe L[cii]-SFR 
relafion. Similar fo |De Looze ef ah ( 2014) , Herrera-Camus ef al.| ( |Sll5) found an increased 
scaffer around fhe L[cii]-SFR relafion af low mefallicifies, implying fhaf af low mefallicifies, a 
non-negligible fracfion of fhe neufral gas cooling fakes place via fhe [Ol ] 63 pm cooling line 
insfead fhe [Cll] line. In M31, Kapala ef al. ( 2015) see an increasing frend in h[cii]/hTiR wifh 
radius as expecfed if L[cii] itself dependeded sfrongly on mefallicify, since M31 excibifs a clearly 
decreasing mefallicify wifh radius ( [Sanders ef al. 2012) . However, Kapala ef al. ( |2015) cannof 
rule ouf ofher facfors such as sfellar densify and radiafion field sfrengfh. Kramer ef al. ( |2013) 
found a sharp increase in i[cii]/hFiR af i? ~ 4.5 kpc in M33, buf dismiss mefallicify as fhe 
sole cause, due fo fhe rafher shallow mefallicify gradienf in M33 ( jMagrini ef al. [2010) . The 
effecf of low mefallicify fogefher wifh fhe disrupfion of molecular clouds is also becoming 
an imporfanf subjecf for sfudies of fhe Epoch of Reionizafion (EoR) af z ~ 6, as a possible 
explanation for several non-defecfions of normal sfar-forming galaxies. Examples include fhe 
lensed Lya emiffer af z = 6.56 and fhe Himiko galaxy af z ^ 6.5 forming sfars af a rafe of « 10 
and ^ 100 Mq yr“^, respectively ( jKanekar ef al. 2013 Ouchi ef al. 2013), and more recenfly 3 


Lyman Break Galaxies af z ^ 7 of SER ~ 10 Mq yr ^ (jMaiolino ef al. 


20151. 


5.3 Modeling [Cii] emission 

How fhe physical condifions of fhe ISM confrol fhe [Cll] emission can be invesfigafed by apply¬ 
ing sub-grid freafmenf fo fhe gas in semi-analyfical ([Popping ef al. 2014a Munoz & Purlaneffo 


2014) or fully hydrod 3 mamical ( [Nagamine ef al.| 2006[ Vallini ef al.[ 2013) simulations of galaxy 
evolution. In fheir models of [Cll] emission in high-z galaxies Nagamine ef al. ([2006 1 found 
fhaf [Gll] emission depends significanfly on fhe amounf of neufral gas. Vallini ef al. ( [2013) 
improved on fhe mefhod of [Nagamine ef aL ( 2006) , by implemenfing radiafive fransfer of fhe 
UV field and higher resolufion simulations of a single z = 6.6 Lya emiffer, fhough only af fwo 
fixed mefallicifies {Z = Zq and Z = O.O 2 Z 0 ). Popping ef al. ( 2014a) managed fo reproduce 
fhe [Gll] deficif for all PIR luminosities af z > 1 as well as fhe L[c,[]-EIR correlafion af z = 0, 
however wifh fhe simplificafion of averaging galaxy properties across annuli in fhe galactic 
disks. Munoz & Eurlaneffo ( 2014) modeled z > 6 Lya emitters, slighfly overpredicfing fhe 
[Gll] while underpredicfing fhe CO line emission, when compared fo fhe few observafions 
available, buf demonsfrafing fhaf line modeling during fhe Epoch of Reionizafion is possible. 
In addition, ofher works have concenfrafed on single clouds employing eifher radiafive frans¬ 
fer (Abel ef al. 2009) or an escape probability approach ( [Goldsmith et al.^ 2012) to derive the 
[Cll] strength. 
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6 


Understanding the Z/[cn]-SFR 

RELATION WITH SIMULATIONS (PAPER II) 


6.1 Aim of this project 


As described in the previous chapter, simulations hold promise in aiding interpretation of the 
[Cll] emission. In this chapter, an adapted version of our code sfGAME is presenfed fhaf is 
capable of incorporating [Cll] emission info smoofhed particle hydrod 5 mamics (SPH) simula¬ 
tions of galaxies. We will consider a mulfi-phased ISM consisting of molecular clouds, whose 
surface layers are sfrafified by FUV-radiafion from localized sfar formafion, embedded within 
a neutral medium of atomic gas. In addition, we will include the diffuse ionized gas infrinsic 
to fhe SPH simulations as a fhird ISM phase. The femperafures of fhe molecular and atomic 
gas are calculafed from fhermal balance equations sensitive to fhe local FUV-radiafion and CR 
ionizafion rate. SI GAME will be applied fo GADGET-3 cosmological SPH simulations of seven 
sfar-forming galaxies on the main-sequence (MS) at z = 2 in order to simulate the [Cll] emission 
from normal sfar-forming galaxies af fhis epoch, examine fhe relafive contribufions fo fhe emis¬ 
sion from fhe molecular, atomic and ionized ISM phases, and fhe relationship fo fhe sfar forma¬ 
fion acfivify in fhe galaxies. Throughouf, we adopf a flaf cosmology wifh Hm = 0.27, = 0.73, 

and h = 0.71 ( [Spergel ef al. |2003) . 


6.2 Methodology overview 

This secfion gives an overview of our mulfi-phased ISM model. To a large exfenf fhe model 
follows fhe steps laid ouf in Chapferj^ in fhaf if is applied af fhe posf-processing sfage of an 
SPH simulation. As inpuf, fhe ISM model requires: fhe position ([a;, y, z]), velocify ([u^, Vy, Vz]), 
smoofhing lengfh (h), gas mass (mspu)/ hydrogen densify (uh)/ gas kinefic femperafure (Tk)/ 
elecfron fraction {x^. = ne/nn)/ SFR, mefallicify {Z) as well as fhe relafive abundances of carbon 
([C/H]) and oxygen ([O/H]). The key steps involved in fhe posf-processing are illusfrafed in 
Fig. |6.1| and briefly listed below (wifh defails given in subsequenf sections): 

The key sfeps involved in fhis process are illusfrafed in Fig. |6.1| and briefly listed below 
(with full defails given in subsequenf secfions): 

1. The SPH gas is separafed info ifs neufral and ionized consfifuenfs as dicfafed by fhe 
elecfron fraction provided by fhe GADGET-3 simulations. 
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Cold, neutral 
gas 



SPH gas 
particle 


Hot, diffuse. 
Ionised gas 


10-80 pc 



- 0.2-20 kpc 


Figure 6.1 Schematic illustrating the sub-grid procedures applied to the SPH simulation in post-processing. Each 
SPH particle is a hybrid of neutral and ionized gas. The neutral gas associated with each SPH gas particle is divided 
into GMCs with masses and sizes following the Galactic mass-spectrum and mass-size relation for GMCs. Each GMC 
has an onion-layer structure, set by the stratification of the impinging FUV-field, which consists of outer layer of 
PDR/atomic gas of Hi and Cll, and an inner molecular region where carbon is found in its single ionized state, and 
in neutral form further in (Section|6.4.1|. The ionized gas associated with each SPH particle is assumed to reside in 
spherical clouds with radii and temperatures given by the SPH smoothing length and gas temperature (Section[6.4.2}. 


2. The neutral gas is divided into giant molecular clouds (GMCs) according to the observed 
mass function of GMCs in fhe Milky Way (MW) and nearby quiescenf galaxies. The 
GMCs are modeled as logofropic spheres wifh fheir sizes and infernal velocify disper¬ 
sions derived according fo pressure-normalized scaling relafions. 


3. Each GMC is assumed fo consisf of fhree spherically symmefric regions: (1) a FUV- 
shielded molecular core region where all carbon is locked up in Cl and CO; (2) an oufer 
molecular region where bofh Cl and Cll can exisf; and (3) a largely neufral afomic layer of 
Hi, Hll and Cll. The lasf region mimics fhe FUV-sfrafified PDRs observed af fhe surfaces 
of molecular clouds ( [Hollenbach & Tielens |1999| . This layer can confain bofh afomic 
and ionized gas, buf we shall refer fo if simply as fhe PDR gas. The relafive exfenf of 
fhese regions wifhin each cloud, and fhus fhe densifies af which fhey occur, ulfimafely 
depends on fhe sfrengfh of fhe impinging FUV-field and CR ionizafion rafe. The latter 
are sef fo scale wifh fhe local SFR volume densify and, by requiring fhermal balance wifh 
fhe cooling from line emission (from Cll, Ol, and H 2 ), defermine fhe femperafures of fhe 
molecular and afomic gas phases. 
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Table 6.1 Global properties of the seven simulated galaxies used for this work at z = 2. 



G1 

G2 

G3 

G4 

G5 

G6 

G7 

M* [lOio Mq ] 

0.36 

0.78 

0.95 

1.80 

4.03 

5.52 

6.57 

Mgas [101° Mq] 

0.42 

0.68 

1.26 

1.43 

2.59 

2.16 

1.75 

Mneutrai [10l° Mq ] 

0.09 

0.13 

0.57 

0.20 

0.29 

0.29 

0.39 

Mionized [101° Mo ] 

0.33 

0.55 

0.69 

1.23 

1.30 

1.87 

1.36 

SFR [Moyr-1 ] 

4.9 

10.0 

8.8 

25.1 

19.9 

59.0 

37.5 

SsFR [Mo yr~i kpc"^] 

0.016 

0.032 

0.028 

0.080 

0.063 

0.188 

0.119 

Z' 

0.43 

0.85 

0.64 

1.00 

1.00 

1.67 

1.72 


All quantities have been calculated at z = 2 using a fixed cut-out radius of i?cut = 10 kpc, 
which is the radius at which the accumulative stellar mass function of each galaxy flattens. 
Mgas is the total gas mass, and Mneutrai and Mionized the gas masses in neutral and ionized 
form, respectively (see Section [hTil . The metallicity {Z' = ZjZo) is the mean of all SPH gas 

particles within i?cut- 


4. The remaining ionized gas of the SPH simulation is divided into Hll clouds of radius 
equal to the smoothing lengths, temperature equal to that of the SPH simulation and 
constant density. 

5. The [Cll] emission from the molecular, PDR, and diffuse ionized gas is calculated sepa¬ 
rately and summed to arrive at the total [Cll] emission from the galaxy. In doing so it is 
assumed that there is no radiative coupling between the clouds in the galaxy. 

The SPH simulations used in this study, and the galaxies extracted from them, are described in 
the following section. 


6.3 SPH Simulations 


Our simulations are evolved with an updated version of the public GADGET-3 cosmological 
SPH code ( |Springel|2 005 and S. Huang et al. 2015 in preparation). It includes cooling processes 
using the primordial abundances as described in Katz et al. ([1^9^, with a dditional cooling 
from metal lines assuming photo-ionization equilibrium from Wiersma et al. ( |2009| . We use the 
more recent 'pressure-entropy' formulation of SPH which resolves mixing issues when com¬ 


pared with standard 'density-entropy' SPH algorithms (see Saitoh & Makino 2013 Hopkins 


2013 for further details). Our code additionally implements the time-step limiter of Saitoh & 


Makino (2009), Durier & Dalla Vecchia (2012) which improves the accuracy of the time inte¬ 


gration scheme in situations where there are sudden changes to a particle's internal energy. To 
prevent artificial fragmentation ( [Schaye & Dalla Vecchia) 2008) Robertson & Kravtsov| 2008) , 
we prohibit gas particles from cooling below their effective Jeans temperature which ensures 
that we are always resolving at least one Jeans mass within a particle's smoothing length. This 
is very similar to adding pressure to the ISM as in Springel & Hemquist| ( 2003) , Schaye & Dalla 
Vecchia| (|2008), except instead of directly pressurizing the gas we prevent it from cooling and 


fragmenting below the Jeans scale. 


We stochastically form stars within the simulation from molecular gas following a Schmidt 


(|1959) law with an efficiency of 1% per local free-fall time ( [Krumholz & Tan| 2007) Lada et al. 


20101. The molecular content of each gas particle is calculated via the equilibrium analytic 
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model of [Krumholz et ^ ( |2008 2009[ l; McKee & Krumholz ( 2010| . This model allows us to 
regulate star formation by the local abundance of H 2 rather than the total gas density, which 
confines star formation to the densest peaks of the ISM. Further implementation details can 
be found in Thompson et al. ( |2014[ |. Galactic outflows are implemented using the hybrid 
energy/momentum-driven wind (ezw) model fully described in Dave et al. ( |2013| ; Ford et al. 
( |2015| . We also account for metal enrichment from Type II supernovae (SNe), Type la SNe, and 
AGB stars as described in Oppenheimer & Dave (|2008|. 


6.3.1 SPH SIMULATIONS OF Z = 2 MS GALAXIES 


We use the cosmological zoom-in simulations presented in ||Thompson et ah ( |2015[l, and briefly 
summarized here. Initial conditions were generated using the MUSIC code (|Hahn & Abel 


2011[| assuming cosmological parameters consistent with constraints from the Planck ([Planck 


Collaboration et al. 2014| results, namely 0^ = 0.3, VIa = 0.7, Hq = 70, as = 0.8, rig = 0.96. Six 
target halos were selected at z = 2 from a low-resolution A-body simulation consisting of 256^ 
dark-matter particles in a (16/i“^Mpc)^ volume with an effective co-moving spatial resolution 
of e = 1.25 kpc. Each target halo is populated with higher resolution particles at z = 249, 
with the size of each high resolution region chosen to be 2.5 times the maximum radius of the 
original low-resolution halo. The majority of halos in our sample are initialized with a single 
additional level of refinement (e = 0.625 h“^kpc), while the two smallest halos are initialized 
with two additional levels of refinement (e = 0.3125 h~^kpc). 

The six halos produce seven star-forming galaxies at z = 2 that are free from all low- 
resolution particles within the virial radius of their parent halo. Their stellar masses (M*) 
range from 3.6 x 10® to 6.6 x 10^® Mq and their SFRs from 5 to 60 Mq yr“^ (Table 6.1 1 . We 
hereafter label the galaxies Gl, ..., G7 in order of increasing M*. Other relevant global prop¬ 
erties directly inferred from the SPH simulations, such as total gas mass (Mgas)/ neutral and 
ionized gas masses (Mneutrai and Mjonized/ respectively), average SFR surface density (Ssfr)/ 
and average metallicity {Z'), can also be found in Table [6^ 


Fig. 6.2 shows the locations of Gl,..., G7 in the SFR—M* diagram. The galaxies are consistent 
with observational determinations of the z ~ 2 MS of star-forming galaxies ( [Whitaker et al. 
2011 Speagleetal. 2014) . 


6.4 Modeling the ISM 


As illustrated in Fig. |6.1| the first step in modeling the ISM is to split each SPH particle into an 
ionized and a neutral gas component. This is done using the electron fraction, Xe, associated 
with each SPH particle, i.e.,: 


^neutral — (1 ^e)^SPH 
^ionized — 


( 6 . 1 ) 

( 6 . 2 ) 


The electron fraction from GADGET-3 gives the density of electrons relative to that of hydrogen, 
Ue/uH/ and can therefore reach values of ^ 1.16 in the case where helium is also ionized. As a 
result we re-normalized the distribution of Xe values to a maximal Xe of 1 so as to not exceed 


the total gas mass in the simulation. Fig. 6.3 shows the distribution of SPH gas particles masses 
in G4 - chosen for its position near the center of the stellar and gas mass ranges of Gl, ..., 
G7 - along with the mass distributions of the neutral and ionized gas components obtained 
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Figure 6.2 The SFR-M* relation at 2 : ~ 2 as determined by Speagle et al. 2014[ (dashed line) with the location of 


our seven simulated g alaxies highligh ted (filled circles). Dotted-dashed and dotted lines indicate the Icr and 3cr scatter 
around the relation of |Speagle et al.|j2014[ . For comparison we also show the locus defined by 3754 1.4 < 2 < 2.5 
galaxies from the NEWFIRM Medium-Band Survey (gray filled contours), with masses and SFRs calculated using a 
Kroupa IMF (Whitaker et al.|[2011|. 


from eqs. |6.1| and |6.2| The ionized gas is seen to have a relatively flat distribution sparming the 
mass range ^ 10^'^ — 10® ® Mq. The neutral gas, however, peaks at two characteristic masses 
(~ 10® ® Mq and ^ 10® ® M 0 ), where the lower mass peak represents gas particles left over from 
the first generation of stars in the simulation. 
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Figure 6.3 The distribution of SPH gas particle masses (solid histogram) in G4. The distribution peaks at two char¬ 
acteristic masses (~ 10®'® Mq and ~ 10®'® Mq), where the lower mass peak represents gas particles left over from the 
first generation of stars in the simulation. Splitting the gas into its neutral and ionized components according to eqs. 
|6. 1 |and[6!2| results in the mass distribution given by the dotted and dashed histograms, respectively. 


6.4.1 GMCS 

Masses, sizes and velocity dispersion 


The neutral gas mass, uineutrai, associated with a given SPH particle is divided into GMCs by 
randomly sampling the GMC mass spectrum as observed in the Galactic disk and Local Group 


2007 1 . Similar to 


Narayanan et al. 


(2008b 


a I, 


^GMC with /3 = 1.8 ( [Blitz et al _^ ^ 

a lower and upper cut in mass of 10^ M© and 1()° Mq, respectively, are enforced in order to 
ensure the GMG masses stay within the range observed by Blitz et Hl| ( 2007| |. Up to 40 GMGs 
are created per SPH particle but typically most (> 90%) of fhe SPH parficles are splif info 
four GMGs or less. While runeutrai never exceeds fhe upper GMG mass limif (10® M©), fhere 
are insfances where uineutrai is below fhe lower GMG mass limit (10"^ M©). In those cases we 
simply discard the gas, i.e., remove it from any furfher sub-grid processing. For fhe highesf 
resolufion simulations in our sample (G1 and G2), fhe discarded neufral gas amounfs fo ~ 6 % 
of fhe fofal neufral gas mass, and <0.02% in fhe remaining five galaxies. We shall fherefore 
assume fhaf if does nof affecf our resulfs significanfly. 

The GMGs are randomly disfribufed within 0.2x the smoothing length of fhe original SPH 
particle, buf wifh fhe radial displacemenf scaling inversely wifh GMG mass in order fo refain 
the original gas mass distribution as closely as possible. To preserve the overall gas kinematics 
as best possible, all GMGs associated with a given SPH particle are given the same velocity as 
that of fhe SPH particle. 

GMG sizes are obfained from fhe pressure-normalized scaling relations for virialized molec- 
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ular clouds which relate cloud radius (i?cioud) with mass (mcMc) and external pressure (Pext): 


-^cloud 

pc 


f h^ext/^B 


I 104 


cm-3K 


-1/4 / s 1/2 

/ m-GMC ^ 

l^290Mo, 


(6.3) 


We assume Pext = ^tot/(l + no + /3o) for relative cosmic and magnetic pressure contributions 
of do = 0.4 and / 3 q = 0.25 ( Elmegreen}|1989| . For the total pressure (Ptot) we adopt the external 
hydrostatic pressure at mid-plane for a rotating disk of gas and stars, i.e.,: 


Pf. 




+ 1 1 s, 

n*,_L 


(6.4) 


where Egas and E 


are the local surface densities of gas and stars, respectively, and crgas._L 
and a^,,± their local velocity dispersions measured perpendicular to the mid-plane (see e.g., 
Elmegreen ( |1989) ; Swrnbank et al. (|2011)). For each SPH particle, all of these quantities are 


calculated directly from fhe simulafion outpuf (using a radius of i? = 1 kpc from each SPH 
particle), and if is assumed fhaf fhe resulfing Pext is the external pressure experienced by all 
of fhe GMCs generafed by fhe SPH parficle. We find fhaf GMCs in our simulafed galaxies are 
subjecfed fo a wide range of exfernal pressures (Pext/^B ~ 10^ — 10^ cm“^ K). For comparison, 
fhe range of pressures experienced by clouds in our Galaxy and in Local Group galaxies is 
Pext/^B ~ 10^ — 10^cm“^K wifh an average of Pext/^B ~ 10^cm“^ K in Galactic clouds 
( [Elmegrem 1989 Blifz ef al. 2007} . This resulfs in GMG sizes in our simulations ranging from 
Pcioud = 1 - 300 pc. 

The infernal velocify dispersion (ay) of fhe GMGs is inferred from fhe virial fheorem, which 
provides us wifh a pressure-normalized CTv — Pgmc relation: 


= 1.2km s 


Pext/fcB / Pcioud 

104cm“^K/ \ pc / ' 


(6.5) 


where fhe normalization of 1.2kms ^ comes from sfudies of Galactic GMGs ( [Larson 1981 
Elmegreen [1989 Swinbank ef al. 2011| |. 


GMC density and temperature structure 

We assume a truncated logotropic profile for fhe fofal hydrogen number densify of fhe GMGs, 
i.e.,: 


nH(P) = nn.ext 

where nH(P > Pcioud) = 0. For such a densify profile if can be shown fhaf fhe exfernal densify, 
nn.ext/ is 2/3 of fhe average densify: 


nn.ext = 2/3(n) = 2/3 


WGMC 


4/37r?77.H Pcioud 


(6.7) 


While fhe fofal hydrogen densify follows a logofropic profile, fhe fransifion from H 2 —s^Hl/Hll 
is assumed fo be sharp. Similarly for fhe fransifion from Gl—^Cll. This is illusfrafed in Fig. 6.4 


which shows an example densify profile of a GMG from our simulafions. From fhe cenfer of 
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the GMC and out to Rb_ 2 > hydrogen is in molecular form. Beyond Rb_ 2 , hydrogen is found as 
Hi and Hll ouf fo i?cioud- 


(U 

■D 


O 

Q_ 


100 



Figure 6.4 Example H number density profile (solid line) for a GMC of mass moMC = 1-3 x 10^ Mq and radius 
ttcMC = 21 pc. Also shown are the density profiles of H 2 (= O.SriH), Hi and Hll. Note, the transition from molecular 
to atomic H is assumed to happen instantaneously at Ru^. The total C abundance follows that of H but scaled with the 
[C/H] abundance (as provided by the 'parent' SPH particle, see SectionlC^. Cll can exist throughout the cloud except 
for the very inner region {R < Rci; indicated in brown), with the Cl to Cll transition happening instantaneously at 
Rci- [Cll] emission from the layer i?ci < < Rh 2 (indicated in red) is referred to as 'molecular' emission, while 

[Cll] emission from Rn^ < R < Rqmc (indicated in orange) is referred to as 'PDR' emission. The relative thickness 
of these layers is set by the impinging FUV radiation field and cosmic rays (illustrated as purple and blue arrows, 
respectively), with the former undergoing attenuation further into the cloud. 


The size of fhe molecular region, when adopfing fhe logofropic densify profile, is relafed fo 
fhe fofal molecular gas mass fracfion (/^oj) of each GMC: 


moMC /(f°“°Pext^^^47ri?2di? 

j,^^^RdR / rh, y 

jRomc R^R \Rgmc) 

^ ^H2 = /moT 


( 6 . 8 ) 

(6.9) 

( 6 . 10 ) 


where is the fractional radius, ths = f?H 2 /^cioud- We find by assuming Hi -H> H 2 equi¬ 
librium and using the analytical steady-state approach of Pelupessy et al. (2006| for inferring 
/mol ^ logofropic cloud subjected to a radially incident FUV radiation field (see also Olsen 
et al. 2015|. In this framework, the value of (and thereby rHa) depends on: 


1. The cloud boundary pressure (Pext), which is calculated as explained in Section 6.4.1 
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2. The metallicity {Z') of the GMC, which is inherited from its parent SPH particle and 
assumed constant throughout the cloud. 

3. The kinetic temperature of the gas at the GMC surface {Th{Rc,Mc))- This quantity is 
calculated in an iterative process together with by solving the following thermal 
balance equation: 

TpE + Tcr.hi = Acii + Aoi, (6-11) 


where TpE is the heating rate associated with the photoelectric ejection of electrons from 
dust grains by the FUV field and Tcr.hi is the heating rate by cosmic rays in atomic gas. 
The main cooling agents are assumed to be due to [Cll] and [Ol](63 pm and 145 pm) line 
emission (i.e., Acn and Aqi, respectively). Tpe, Tcr.hi/ and Acn all depend on the electron 
fraction at itcMC/ which is determined by the degree of Hi ionization by the local FUV 
radiation field and CR ionization rate (see below for how these quantities are derived). 
For analytical expressions for the heating rates, we refer to Olsen et al. ( 2015| . For Aqi 
we use the expressions given in|R6llig et al.| p006| . The calculation of Acn at the GMC 
surface is detailed in Section 6.5 and Appendix |A.3[ 

4. The strength of the local FUV radiation field (Gq) and the CR ionization rate (Ccr) irri" 
pinging on the GMCs. These quantities do not come out from the simulation directly, 
and instead they are calculated by scaling the Galactic FUV field (Go,mw) arid CR ion¬ 
ization rate (Ccr.mw) with the local SFR volume density in the simulations, i.e.. Go oc 
Go.mw (SFRDiocai/SFRDMw) and ^CR ex Ccr.mw (SFRDiocai/SFRDMw)/ where SFRDiocai 
is estimated for each SPH particle as the volume averaged SFR within a 2 kpc radius. We 
have adopted Milky Way values of Go,mw = 0.6 Ftabing ( |Seon et ak] 2011[ | and Ccr.mw = 
3x 10“^^ ( [Webber 1998) . For SFRDmw we adopt 0.0024 Mq yr“^ kpc“^, inferred from 
the average Galactic SFR (0.3 Mq yr“^) within a disk 10 kpc in radius and 0.2 kpc in height 
( jHeiderman et alT 2010 Bovy et ak} 2012| |. 

5. The electron fraction at the cloud boundary. This fraction is not the previously introduced 
Xe, which was inherent to the SPH simulations and used to split the SPH gas into a neutral 
and ionized gas phase. Instead, it is the electron fraction given by the degree of ionization 
of Hi caused by the Go and Ccr impinging on the cloud. This fraction (and thus the Hl:Hll 
ratio) is calculated with CLOUDY vl3.03 ( jFerland et al. 2013| given the hydrogen density 
and temperature at the cloud boundary and assuming an unattenuated Gq and Ccr ^t 
t?GMC- 


The [Cll] emitting region in each of our GMGs is defined as the layer between the surface 
of the cloud and the depth at which the abundances of C and C+ are equal. Hence, if the latter 
occurs at a radius Rqi from the cloud center, the thickness of the layer is Rdoud — Rci (Fig. |6.4| . 
At radii < Rqi, all carbon atoms are for simplicity assumed to be in neutral form. In order 
to determine the fractional radius rci (= Rci/ Rgmc) we follow the work of Rollig et al. (2006 1 
(but see also Pelupessy & Papadopoulos 2009} , who considers the following dominant reaction 
channels for the formation and destruction of C+: 


C-i7^C+-Le- 
C+ -6 e" ^ C-L 7 
-|- FI2 —^ GH^ -|- 7. 
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( 6 . 12 ) 

(6.13) 

(6.14) 












































In this case, rci can be found by solving the following equation: 


5.13 X 10-^°s-^Go J 


’ g —M^fuv'4vC?"Ci) 
= «H(’’ci)[ac-^c + O.Sfcc], 


d/j, 


(6.15) 


where the left-hand side is the C'^' formation rate due to photo-ionization by the attenuated 


FUV field at rci (eq. 6.12 1 , and the right-hand side is the destruction rate of C"^ due to recombi¬ 
nation and radiative association (eqs. 6.13 and 6.14 1 . The constants ac = 3x 10“^^ cm“^ s“^ and 
kc = 8x 10“^® cm“^ s“^ are the recombination and radiative association rate coefficients. Note, 
we have accounted for an isotropic FUV field since p = cos 9, where 6 is the angle between the 
Po 5 mting vector and the normal direction. Av(rci) is the visual extinction corresponding to 
the iicioud - Rci layer, and is given by Av(rci) = 0.724gdust^' (uH)t?cioud In (rpr^)/ where 
CTdust = 4.9 X 10“^^ cm^ is the FUV dust absorption cross section ([Pelupessy & Papadopoul^ 


2009 Mezger et al. 1982 1 . ^fuv accounts for the difference in opacity between visual and FUV 


light and is set to 3.02. Xc is the carbon abundance relative to H and is calculated by adopting 
the carbon mass fractions of the parent SPH particle (self-consistently calculated as part of the 
overall SPH simulation) and assuming it to be constant throughout the GMC. 


The temperature of the [Cll]-emitting molecular gas (i.e., from the gas layer between Rci 
and i?H 2 ) is assumed to be constant and equal to the temperature at i?H 2 • latter is given by 
the thermal balance: 

PpE-I-PcR.Hj = Ah 2-I-Acii-I-Aoi, (6.16) 

where Pcr.H 2 is the CR heating in molecular gas, and Ahs is the cooling due to the S(0) and S(l) 
rotational lines of H 2 ( [Papadopoulos et~ar ( |2014| ; see also Olsen et al.|2015[ |. rcR,H 2 depends 
on Xe, which is calculated with CLOUDY for the local CR ionization rate and the attenuated FUV 
field at rna/ i-e- , 24v(rH2) corresponds the extinction through the outer atomic 

transition layer of each GMC. 

The temperature of the PDR gas (i.e., from the gas between and i?cioud) is assumed to 
be constant and equal to the temperature at i?cioud- 

For each GMC we solve in an iterative marmer simultaneously for i?H 2 (eq- 16.10| and i?ci 


6.16 


respec- 


(eq. ids}, as well as for the gas temperature at i?cioud and at Rh^ (eqs. |6.11| and 
tively) 

The resulting distributions of Ru^ and i?ci for the GMC population in G4 are shown in 
Fig. |6.5| (bottom panel), along with the distribution of i?GMC (obtained from eq. |6.3| . In GMCs 
in general, we expect i?ci < Rh 2 ' ‘foe to efficient H 2 selfshielding. However, as Fig. 6.5 shows 
some of the GMCs in our simulations have very small i?H 2 (due to them having virtually zero 
molecular gas fractions), and in those cases Rci can be equal to or even exceed R^^. The latter 
implies that the [Cll] emission is only coming from the PDR phase, with no contribution from 
the molecular gas. 

The distributions of the kinetic temperature of the gas at R^i^ and i?cioud for the GMC pop¬ 
ulation in G4 are shown in Fig. 6.6 The temperatures at the cloud surfaces range from ~ 8 K to 
~ lO^-s K, and the temperatures at R^^ lies between ^ 8 and 1800 K. 

With i?H 2 and Rci determined for each GMC we can calculate the gas masses associated 
with the molecular and PDR gas phase, respectively. The resulting mass distributions are 
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Figure 6.5 Top: the number distribution of GMC masses (solid histogram) together with the number distributions 
of the molecular (dashed histogram) and PDR (dotted histogram) gas component. Bottom: GMC-mass-weighted 
distributions of i?ci (dotted), iJH 2 (dashed) and Rdoud for GMCs in G4. 


shown in the top panel of Fig. 6.5 along with the distribution of fofal GMC masses (togmc) 
as defermined by fhe adopfed GMC mass specfrum (Section 6.4.11. We see fhaf mosf of fhe 
molecular and PDR gas masses follow fhe fofal GMC mass specfrum. There is, however, a frac¬ 
tion of GMCs wifh exfremely small molecular gas masses (corresponding fo ~ 0). On fhe 
ofher hand, fhere are some GMCs wifh small PDR gas masses, i.e., clouds fhaf are so shielded 
from FUV radiation fhaf fhey are almosf entirely molecular. 
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Figure 6.6 GMC-mass-weighted distributions of the temperature at i?H 2 (dashed) and at the cloud surfaces (solid) 
for GMCs in G4. 


6.4.2 The ionized gas 


The ionized gas in our simulations (see eq. |6.2) , is assumed to be distributed in spherical clouds 
of uniform densities and wifh radii (i?Hii) equal to the smoothing lengths of fhe original SPH 
particles. These ionized regions in our simulafions are furfhermore assumed fo be isofhermal 


wifh fhe femperafures equal fo fhaf of fhe SPH gas. Fig. 6.7 shows fhe size (fop) and fem- 
perafure (boffom) disfribufion for fhe ionized clouds in G4. Cloud sizes range from ^ 0.1 fo 
~ 10 kpc, wifh more fhan 60 % of fhe ionized gas mass residing in clouds of size <1000 pc. For 
comparison, fhe range of observed sizes of Hll clouds in nearby galaxies is 10 — 1000 pc ( |Oey 
& Clark^ 1997 Hodge ef al. 1999) . The femperafures range from ~ 10^ K fo ~ 10® K wifh fhe 
bulk of fhe ionized gas having femperafures ^ 10^“® K. 


6.5 The [Cii] line emission 

The [Cii] luminosify of a region of gas is fhe volume-infegral of fhe effecfive [Cll] cooling rafe 
per volume, i.e.,: 


L[Cii] = [ ^Cii dV. (6.17) 

Jav 

Since we have adopfed spherical symmefry in our sub-grid freafment of fhe clouds (bofh neu¬ 
tral and ionized), we have: 


L[cii] 


rR2 


= 4tt AcnndR, 


(6.18) 
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Figure 6.7 Mass-weighted histograms of the size (top) and temperature (bottom) distributions of the ionized clouds 
in G4. 


where i?i = Ra and R 2 = Rb _2 for the molecular phase; Ri = R^^ and R 2 = Rqmc for the 
PDR region, and i?i = 0 and R 2 = Rmi for the ionized gas. 

The effective [Cll] cooling rate is: 


Acii = Aui/3/unciihtz, (6.19) 

where Aui (=2.3xl0“®s“^|^is the Einstein coefficient for sponfaneous decay. We ignore fhe 


^Einstein coefficient for spontaneous emission taken from the LAMDA database: http://www.strw. 
leidenuniv. nl/~moldata/, [Schoier et al.|j2005| 
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effects of any background radiation field from dust and the cosmic microwave background 
(CMB). /3 is the [Cll] photon escape probability for a spherical geometry (i.e., /3 = {l-exp{-T))/T, 
where r is the [Cll] optical depth). /„ is the fraction of singly ionized carbon in the upper ^^ 3/2 
level and is determined by radiative processes and collisional (de)excitation (see Appendix 
A.3 1 . The latter can occur via collisions with e~, Hi, or H 2 , depending on the state of the 
gas. In our simulations the collisional partner is H 2 in the molecular phase. Hi and e~ in the 
PDR regions, and e~ in the ionized gas. Analytical expressions for the corresponding collision 
rate coefficients as a function of temperature are given in Appendix |A.3[ ncn is the number 
density of singly ionized carbon and is given by ucii = Xcfcunn, where /cn is the fraction 
of carbon atoms in the singly ionized state. For the latter we used tabulated fractions from 
CLOUDY vl3.03 over a wide range in temperature, hydrogen density, FUV field strength, and 
CR ionization rate. 

We calculate the integral in eq. |6.18| numerically by splitting the i ?2 — Ri region up into 100 
radial bins. In each bin, uh is set to be constant and - in the case of the molecular and PDR 
regions - given by the logotropic density profile at the radius of the given bin (Fig.|6.4|. For 


the ionized clouds, ur is constant throughout (Section 6.4.2 1 . For the PDR regions (i.e., from 
i?H 2 to i?GMc) we assume that the temperature, electron fraction and Go are kept fixed to the 
outer boundary value at Rqmc (i-e-/ rio attenuation of the FUV field). This implies that the 
[Cll] luminosity from the PDR gas is an upper limit. Similar for the [Cll] emission from the 
molecular region (i.e., from Rci to i?H 2 )/ where we assume that the temperature throughout 
this region is fixed to its values at Rn ^. Also, throughout this region we adopt the attenuated 
FUV field at Rn^. 


6.6 Results and discussion 

Having divided the ISM in our galaxies into molecular, atomic and ionized gas phases, and 
having devised a methodology for calculating their [Cll] emission, we are now in a position 
to quantify the relative contributions from the aforementioned gas phases to the total [Cll] 
emission, and examine their relationship to the on-going star formation. 


6.6.1 Radial [Cii] luminosity profiles 

First, however, to get a sense of the distribution of gas and star formation in our simulated 


galaxies, we show in Fig. 6.8 surface density maps of the total SPH gas (left column) and star 
formation rate (middle column) when viewed face-on. The maps reveal spiral galaxy mor¬ 
phologies, albeit with some variety: some (Gl, G2 and G3) show perturbed spiral arms due 
to on-going mergers with satellite galaxies; others (G4, G5, G 6 and G7) have seemingly undis¬ 
turbed, grand-design spiral arms; a central bar-like structure is also seen in some (G2, G4, G5 
and G7). Overall, the star formation is seen to be much more centrally concentrated than the 
SPH gas. This is especially true for Gl and G2, which have very centrally peaked star forma¬ 
tion. The radial SFR and [Cll] luminosity profiles of Gl, ..., G7 - derived by summing up the 
SFR and the [Cll] luminosity within concentric rings (of fixed width: 0.2 kpc) - are also shown 


in Fig. 6.8 We have inferred the radial [Gll] luminosity distribution for the full ISM as well as 
for the individual gas phases. 
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Figure 6.8 Gas and SFR surface density maps (left and middle columns, respectively) of our SPH simulated galaxies 
viewed face-on (Gl, G7 from top to bottom; see also |Thompson et al.H2015|). The horizontal white bars corre¬ 
spond to a physical scale of 5 kpc. The right-hand columri shows the radial profiles of the total [Cll] luminosity (gray 
histogram) and the contributions from molecular gas (red curve), PDR (orange curve) and ionized gas (blue curve). 
The SFR radial profiles are also shown (black curve). The radial profiles were determined by summing up the [Cll] 
luminosity and SFR within concentric rings with fixed width of 0.2 kpc. 
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Figure 6.7 Continued. In the bottom panel we show for reference the radial I/[cii] profile of the Galaxy (gray his¬ 
togram) along with the contributions from CO-dark H 2 gas and dense PDRs (red curve), cold HI (orange curve), 
and ionized gas (blue curve) jPineda et al.||2014|. Also shown is the radial SFR profile (black curve) inferred from 
the 1.4 GHz intensity distribution. Fixed radial bin widths of 0.5 kpc have been adopted (see|Pineda et al.||2014| for 
details). 
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The radial SFR profiles of our model galaxies f 5 rpically peak af i? ~ 0.5 kpc (in G1 af 
i?<0.5kpc) and fhen tail off wifh radius. In some cases, local peaks in fhe sfar formafion ac- 
fivify occur af galacfocenfric disfances >2 kpc, corresponding fo fhe locafions of eifher safellife 
galaxies (G2 and G3) or spiral arms (G5 and G7). 

The fofal [Cll] luminosify profiles (gray hisfograms) also peak af i? ^ 0.5 kpc, and within 
the central i?;<1.5kpc there is in general a good correspondence between the total [Gll] emis¬ 
sion and the star formation activity. This correspondence is driven by the molecular gas phase 
which dominates the [Cll] emission in the central regions. The molecular [Gll] emission is seen 
to correlate strongly with the star formation out to radii ~ 5 kpc and beyond (e.g., G3 and 
G4). There are cases, however, where localized enhancements in the SFR are not matched by 
increased [Cll] emission from fhe molecular gas (e.g. G2, and G3). These SFR enhancemenfs 
are reflecfed in fhe [Cll] emission profile of fhe ionized gas, which at galactocentric distances 
>2 kpc follow fhe SFR closely (despife confribufing only a small fraction fo fhe fofal [Cll] emis¬ 
sion budgef, see below). In confrasf, fhe [Cll] emission from fhe PDR gas, which dominafes fhe 
fofal [Gll] luminosify af 2.0 kpc<i?<10 kpc, does nof appear fo be a sensitive fracer of fhe SFR. 
Af i?<1.5 kpc where fhe SFR peaks, fhe [Gll] emission from fhis phase is seen fo drop. Af larger 
radii, fhe PDR [Cll] emission declines buf af a more gradual rafe fhan fhe sfar formafion. 


In fhe boffom righf panel of Fig. 6.8 we show fhe Galactic SFR and [Gll] luminosify radial 
profiles from Pineda ef al. ( 2014[ |, who observed fhe [Cll] emission from (1) GO-dark H 2 gas 
and dense PDRs, (2) cold neufral Hi gas, and (3) hof ionized gas in our own Galaxy. In order 
fo facilifafe an approximafe comparison wifh our simulations we identify fhese fhree Galacfic 
ISM phases wifh fhe molecular, atomic, and ionized gas in our simulafions. If is imporfanf fo 
keep in mind, however, fhaf fhe ISM in our simulations has a higher pressure, is kinematically 
more violent, and is more actively forming sfars fhan is fhe case in our Galaxy. 

The SFR and [Cll] profiles in our Galaxy peak af larger radii (i? ^ 4 — 5 kpc) fhan in our 
simulated galaxies. This is not surprising given the low content of sfar formafion and gas in 
fhe Galacfic bulge, and fhe facf fhaf fhe bulk of sfar formafion in our Galaxy fakes place in fhe 
disk. In confrasf, gas is still being funneled toward fhe central regions of our simulafed galaxies 
where if is converted info sfars. Thus fhe SFR level in our simulafed galaxies is much higher 
(by ^10 x) and more centrally concentrated than in our Galaxy, where stars form af a rafe of 
<0.1 — 1 Mq yr“^ across fhe disk. Remarkably, significanf levels of [Cll] emission exfend ouf 
fo i? ~ 20 kpc in our Galaxy, well beyond fhe poinf where sfar formafion has ceased. Here, 
the emission is completely dominated by GO-dark H 2 gas and dense PDR regions. This is 
similar to the picture seen in our simulated galaxies where the [Cll] emission at large radii is 
dominated by a neutral gas phase - designated PDR gas in our simulations, dubbed GO-dark 
H 2 -f dense PDR gas in Pineda et al. ( |2014| - that is largely uncoupled from sfar formafion. The 
radial [Cll] profile of fhe ionized gas in fhe Galaxy roughly follows fhe SFR profile, as is fhe 
case in our simulations. 


Fig. |6.8| displays the fractional [Cll] luminosity from fhe differenf ISM phases: fop panel 
for fhe entire disk {R < 10 kpc), middle panel for fhe cenfral region (i? < 1 kpc), and boffom 
panel for fhe oufer disk (i? > 2 kpc). Wifhin i? < 10 kpc, fhe molecular gas can consfifufe from 
~ 31% (G2) fo ^ 91 % (G7) of fhe fofal [Gll] luminosify; for fhe PDR gas fhe range is ^ 9% (G7) 
fo ^ 67% (G2). Fig. 6.8 shows fhaf fhe confribufion from fhe molecular gas fo fhe fofal [Cll] 
emission increases with the overall SFR of fhe galaxy. A reverse frend is seen for fhe PDR gas. 
As expected, fhe fofal [Cll] emission from fhe cenfral regions (i? < 1 kpc) is dominated by fhe 
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Figure 6.8 Contributions to the total [Cll] luminosity from the molecular (red), PDR (yellow), and ionized (blue) gas 
phases for each of our simulated galaxies, ranked according to their total SFRs. The three panels show the relative 
contributions within R < 10 kpc (top), for R < 1 kpc (middle), and for R > 2 kpc (bottom). The horizontal dashed 
lines and the percentages given indicate the relative contributions to the total [Cll] luminosity of our own Galaxy from 
CO-d ark H 2 + dense PDR gas (red; 55%), cold at omic gas (yellow; 25%), an d ionized gas (blue; 20%) (Pineda et al.| 
|2014}. The total SFR of the Galaxy is 1.9 Mg yr“^ (Chomiuk & Povidi]|201l|. 


molecular gas (^70%) while further our {R > 2 kpc) the PDR gas phase dominates (^90%) (see 
Fig. 6.8 bottom two panels). For reference, we note that in our own Galaxy about 55 % of the 
total Galactic [Gll] luminosity (within i?<20kpc) is from molecular gas and dense PDRs, 25 % 
from cold Hi, and 20% from the ionized gas (Pineda et al. 2014| . Thus, the ionized phase is 
a more important contributor to the overall [Cll] budget in our Galaxy than in the simulated 
galaxies presented here where the contribution from the ionized gas is <3% in all cases. 
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6.6.2 The integrated Lpn] - SFR reeation 


Fig. 6.9 shows the integrated h[cii] — SFR relations for our simulated galaxies: top panel for 
fhe full ISM and, in separate panels below, for each of fhe fhree ISM phases considered in our 
simulations. 

When considering fhe entire ISM a fighf correlation befween h[cii] and SFR emerges, which 
is well fif in log-log space by a sfraighf line wifh slope 1.27 ± 0.17 (solid line in fhe fop panel). 
This relation is largely sef by fhe molecular and FDR gas phases. The molecular gas phase, 
ifself exhibiting a strong correlation between [Cll] and SFR with slope 1.72 ± 0.22, drives the 
slope of fhe fofal correlation. The PDR gas on fhe ofher hand, shows a weaker [Cll] —SFR 
correlation wifh a slope of 0.43 ± 0.20 buf confribufes significanfly fo fhe normalization of 


fhe fofal [Cll] — SFR relation, especially af fhe low SFR end (see Fig. 6.91. The [Cll] emission 
from fhe ionized gas also shows a weak dependency on SFR (slope 0.44 ± 0.30) buf does nof 
confribufe significantly to the total [Cll] emission, its normalization factor being >10x below 


that of fhe molecular and PDR gas (Fig. 6.9 bottom panel). 


In fhe fop panel of Fig. 6.9 we compare fhe T[cii] — SFR relation obfained from our simu- 
lafed galaxies with samples of [Cll] defecfed galaxies in fhe redshiff range z ~ 0 — 6.5 compiled 
from fhe liferafure. Our simulafed galaxies are seen fo mafch fhe observed T[cii] — SFR rela¬ 
tion both in terms of fhe slope of fhe relafion and ifs overall normalization. A power-law fif fo 
fhe simulafed galaxies (shown as solid line in Fig. |6.9[ yields a near-linear slope (1.27 ± 0.17). 
Normal sfar-forming galaxies af z ^ 0, wifh similar levels of SFR (~ 0.2 — 100 Mq yr“^; 


Mal- 


hofra ef al.||200l| as our simulafed galaxies, are consisfenf wifh a linear correlation given by 
^[Cii] = 1-05 X lO^SFR (doffed line in Fig. 6.9 1 wifh a scatter of 0.3dex (Magdis ef al. 2014|P 


The scaffer of our simulated galaxies around their best-fit relation is 0.14 dex, i.e., significantly 
lower. We attribute this to the fact that our simulated galaxies constitute a fairly homogeneous 
(and small) sample spanning a rafher small range in SFR, T[cii]/ and Z', unlike fhe observed 
samples wifh which we are comparing. 


A direcf comparison wifh [Cll]-defecfed galaxies at high redshifts is complicated by the fact 
that the latter typically have significantly larger SFRs than our model galaxies. Furthermore, 
high-z samples are often heterogeneous (e.g., significant AGN contribution, cf. Gullberg et al. 


2015|. One exception, however, is the recent [Cll]-detected sample of sfar-forming galaxies af 
z ~ 5 — 6 presenfed by |Capak ef al. ( 2015) (shown as magenfa sfars in Fig. 6.91, which span fhe 
same range in SFR as our simulafions. These galaxies are seen to be in excellent agreement with 
the T[cii] — SFR relation defined by our simulafions, bofh in ferms of slope and normalization. 

Exfrapolafing our besf-fif relafion fo SFRs >3OOM0yr“^ in order fo compare wifh ofher 
high-z samples, fhe relation is seen to overshoot the data. A power-law fit to the z > 1 star¬ 
forming galaxies wifh SFR> 300 Mq yr“^ compiled by D14 yields: T[cii] = 1-7 x lO^SFR* 


0.85 


(D14; shown as fhe dashed line in Fig. 6.91, i.e., formally, a shallower relafion fhan fhaf of our 
simulated galaxies and that of fhe z ~ 0 sample (albeif less so). Finally, we sfress fhat fhe 
[Cll]-defecfed galaxies af z > 1 wifh SFRs >300 Mq yr“^ likely derive from rafher complex en- 
vironmenfs (e.g. Narayanan ef al. 2015) , which may nof correspond fo fhe relatively quiescent 
MS star-forming galaxies modeled here. 


^This expression is inferred fro m a power-law fit by 


Malhotra et al. 


luminosities (in units of Lq) of the 
use of the conversion SFR = Tfir/3.4 x 10'^. 


Magdis et al. 2014) to the [Cll] and FIR (42.5 — 122.5 pm) 


j2001 sample: I/[c ii] = 10 where we have made 


97 








































10 ^' 10 ° 10 ' 10 " 10 " 10 “ 10 " 


SFR [Mg yr '] 


Figure 6.9 i[cii] vs. SFR for our simulated galaxies (big filled circles). The same color-coding as in Fig. 6.2 is used 
and listed again for convenience in the bottom panel. From top to bottom panel we show the [Cll] luminosityTrom the 
full ISM (gray), the molecular gas (red), PDRs (orange), a nd ionized gas (b lue). For comparison, we show individual 
[Cll] observations of 54 z ~ 0 spirals (purple filled circles;|Malhotra et al.||2001|, with the best fit to this sample given 

■ details). Also shown are 24U z ~ 0 (U)LIRC ^ ^ ^ * 


by the dotted line (see main text for 


let al.||2013l|F 

samples indii 


-Gs (purple open circles; [Diaz-Santos| 


arrah et aL]|2013[, and 12 z ~ 0.3 (U)LlRGs (red triangles; |Magdis et aL| 2014). The high-z comparison 


mclude 25 1 < z < 6 star-forming galaxies (cyan squares; D14) and the dashec 


line indicate the best fit to this 


sample. Also shown are 16 2 4 — 7 quasars (green triangles;|lono et al. 

2006] Walter et aL| 

2009 

IWagg et al.l|2010| 

IGaUerani et al.||2012||Wang et al. |2013j|Venemans et al.||2012||Carilli et a 

|2U131|Willott et a 


and 10 normal 

star-forming z ~ 5 — 6 galaxies (magenta stars) observed byjCapak et al. 

2U15|. I’he Galaxy is shown tor reference 
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6.6.3 The resolved S 
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In Fig. 6.10 we show the combined E[cn] — SgpR relation of all seven simulated galaxies in their 


face-on configurafion. The relafion is shown for fhe enfire ISM (fop panel) and for each of fhe 
separate gas phases (bottom three panels). Surface densities were defermined wifhin 1 kpc x 
1 kpc regions. Confours reflecf fhe number of regions af a given (EsFR/S[cii])-combinafion and 
are given as percenfages of fhe peak number of regions. 

Given fhe variations in fhe local sfar formation condifions wifhin our model galaxies, we 
can explore fhe relationship between [Cll] and star formation over a much wider range of sfar 
formafion infensifies fhan is possible wifh fhe infegrafed quantifies. A E[c„] — EgpR correlation 
spanning more fhan five decades in Esfr is seen for fhe enfire ISM as well as for fhe individual 
ISM phases. Similar fo fhe infegrafed [Cll] vs. SFR relations in fhe previous secfion, fhe molec¬ 
ular and FDR phases dominafe fhe resolved [Cll] emission budgef at all SFR surface densities, 
and wifh fhe molecular relafion being sfeepesf and exhibifing fhe largesf degree of scaffer. The 
resolved [Cll] emission from fhe ionized phase, while clearly correlafed wifh Esfr/ is largely 
negligible at all star formation densities. 

We compare the Epi,] — Esfr relation for our simulafed galaxies fo fhat of fhree resolved 
surveys of nearby galaxies: (1) fhe ~ 50pc-scale relafion derived from five 3' x 3' fields fo- 


ward M31 (K15; shown as green poinfs in Fig. 6.101, (2) fhe kpc-scale relafion obfained for 
48 local dwarf galaxies covering a wide range in mefallicifies {ZjZQ = 0.02 — 1, D14; cyan 
crosses), and (3) fhe kpc-scale relations for local, mosfly spiral, galaxies (H15; magenfa con- 
fours). The dafa from fhese surveys have been converfed fo fhe Chabrier IMF assumed by our 
simulations by multiplying Esfr wifh a facfor 0.94 when a Kroupa IMF was adopfed (D14; 
K15) or 0.92 when a fruncafed Salpefer IMF was used (H15), following Calzeffi ef al.| ( 2007| 
and [Speagle ef al. (|2014|. Regarding fhe observations by H15, we adopt the raw E[c,[] mea¬ 
surements rather than the IR-color-corrected ones. From Fig. 6.10 we see that over the range in 
SsFR (~ 0.001 — 1 Mq yr^^ kpc“^) spanned by these three surveys, the Ejcnj — Esfr relation 
defined by our simulations is in excellenf agreemenf wifh fhe observafions. Also, fhe major- 
ify of our simulafed 1 kpc x 1 kpc regions fall wifhin fhe observed Esfr and E[cn] ranges. A 
small fraction (a few procent) of regions in our simulations exhibif an excess in Ejc,,] for a 
given Esfr relative fo fhe observed relations, buf fhe majorify coincide wifh fhe observafions. 
We nofe fhaf fhe observed relations exhibif significanf scaffer (~ 0.2 — 0.3 dex; D14, H15, K15) 
as well as small sysfemafic offsefs relative fo each ofher (in particular in fhe case of D14). The 
E[cii] — Esfr relafions observed in fhe five fields in M 31 by K15 yield besf-fif power-law slopes 
in fhe range ~ 0.67 — 1.03, wifh an average of 0.77 (shown as dashed-doffed line in Fig. [6T0) . 
Similar power-law fifs fo fhe samples of D14 and H15 yield slopes of ~ 1.07 and ^ 0.88, re¬ 
spectively (shown as dashed and doffed lines in Fig. |6.10| . In comparison, a power-law fif 
fo our simulations - across fhe full EsFR-range - resulfs in a slope of ~ 0.60, i.e., on fhe low 
side of fhe observed range. However, if insfead we fif only fo simulafed regions within the 
5 jsfr = 0.001 — 0.1 Mq yr“^ kpc“^ range, thereby matching the range with the most observa¬ 
tions, we find a slope of ~ 0.75, i.e., well wifhin fhe observed range. 

Beyond fhe above EsFR-range a comparison wifh fhe observafions has fo rely on exfrap- 
olafions of fhe simple power-law fifs fo fhe observed Ejcnj — Esfr relafions. Af low Esfr 
(<0.001 Mq yr“^ kpc“^), fhe simulafions broadly follow fhe exfrapolafions of fhe observed re¬ 
lafions, excepf for D14 where fhe sysfemafic offsef nofed af higher Esfr is compounded af 
the lower Esfr values owing to the relatively steep slope of fhe fif fo fhe D14 dafa. Af fhese 
low Esfr levels a larger (buf sfill minor, overall) fraction of fhe simulafed regions display ex- 


99 






















Figure 6.10 [Cll] luminosity surface density (S[cii]) vs. SFR surface density (Sgpji) for the full ISM in our simulated 
galaxies (top panel), and for each of the three ISM phases (bottom three panels). S[cii] srid Sgpa are determined 
over 1 kpc x 1 kpc regions within all 7 galaxies. The filled colored contours indicate the number of such regions with 
this combination of Sspr and Sjcn] as a percentage (at 0.1%, 1%, 10%, 40% and 70%) of the maximum number of 
regions. The solid line shown in all panels is the best-fit power-law to the total gas S[cii] vs. SgpR (see legend). For 
comparison we show observed S[cii] vs. SgpR for individual 20 pc regions in M31 (green dots; K15), 1 kpc regions 
in nearby (mostly spiral) galaxies (magenta contours, indicating regions containing 25%, 45%, and 95% of the total 
number of data points; H15), and 1 kpc regions in local dwarf galaxies (cyan crosses; D14). The best-fit power-laws 
to these three data-sets are shown as dashed-dotted, dotted, and dashed lines, respectively. In the case of M31 the 
power-law is fitted to 50 pc regions (see K15). We also show the galaxy-averaged Sjcn] srid SgpR of ALESS 73.1 (red 
cross), a z = 4.76 submillimeter-selected galaxy which was marginally resolved in [Cll] and in the FI R continuum with 
ALMA, revealing a source size of i? ~ 2 kpc, Lrciii = 5.15 x 10® Lq, and SFR ~ 1000 Mq yr“^ ■ De Breuck et al. 
[ 2 ^ . - 
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cess [Cll] emission levels (^lOx) compared to the survey-based power-law fits. This excess 
[Cll] emission is driven by the PDR gas in our simulations (second panel in Fig. |6.10 1, which 
dominates the [Cll] emission at these Ssfr levels. Interestingly, in at least two of fhe five 
fields in M 31 sfudied by K15, a similar [Cll]-excess relafive fo fhe power-law fif is observed af 
SgFR^O.OOl Mq yr“^ kpc“^ (see Fig. 7 in K15). K15 argues fhaf fhe excess is due fo a confri- 
bufion from diffuse, ionized gas (Hll), alfhough fhey carmof discounf fhe possibilify fhaf fhe 
larger dispersion is af leasf parfly due fo being close fo fhe sensifivify limif of fheir survey af 
such low E[cii]. Our simulafions, however, clearly show no significanf confribufion from fhe 
diffuse Hit gas phase af low Ssfr- 

Af high Esfr (^1 Mq yr“^ kpc“^), fhe scaffer in fhe S[cii] — Ssfr relation from our simula¬ 
fions decreases significanfly, and is seen fo broadly mafch fhe exfrapolafed locally observed re¬ 
lations. Furfhermore, fhe simulafion confours are seen fo agree wifh fhe few galaxies observed 
fo dafe fo have Ssfr ?il hi© yr“^ kpc“^: a few sources from fhe D14 sample (fhere are fwo 
D14 galaxies wifh Esfr ^1 Mq yr^^ kpc“^) and ALESS 73.1, az = 4.76 sub-millimefer selecfed 


galaxy, marginally resolved in [Cll] and wifh a disk-averaged Ssfr of ~ 80 Mq yr ^ kpc ^ 
Breuck ef al.|2014 indicafed by a red cross in Fig. 6.10| . 

The aforemenfioned sfudies of local galaxies f 5 rpically measure bofh obscured (e.g. from 
24 pm) and un-obscured (from eifher FUV or Ha) SFRs in order fo esfimafe fhe fofal Ssfr and, 
while infrinsic uncerfainfies are inherenf in fhe empirical 24 pm/FUV/Ha —?► SFR calibrations, 
fhe Ssfr values should be direcfly comparable fo fhose from our simulafions. Nonefheless, 
some caution is called for when comparing our simulafions fo resolved observations, primar¬ 
ily regarding fhe deferminafion of Ssfr on < kpc-scales. In particular, as poinfed ouf by D14, 
fhe emission from old sfellar populations in diffuse regions wifh no ongoing sfar formafion can 
lead fo overesfimafes of fhe SFR when using fhe above empirical SFR calibrations. Bofh K15 
and HI 5 accounf for fhis by subfracfing fhe expecfed cirrus emission from old sfars in 24 pm 
(using fhe mefhod presenfed in [Leroy ef al. |2012| , alfhough on scales ^ 1 kpc fhis correc¬ 
tion for 24 pm cirrus emission becomes particularly challenging as if was calibrafed on >1 kpc 
scales. K15 furfher poinfs fo fhe problem arising from fhe possibilify of photons leaking be¬ 
tween neighboring sfellar populations, meaning fhaf average esfimafes of fhe SFR on scales 
< 50 pc mighf nof represenf fhe frue underlying SFR. 


6.6.4 Physical underpinnings of the L[cii]-SFR reeation 

The SFRs of galaxies af bofh low and high redshiffs is observed fo sfrongly correlate wifh fheir 
molecular gas confenf (typically traced by CO or dust emission) (e.g. Kennicutt 1998| Daddi 
et al. 2010 Genzel et al. 2010| Narayanan et al. 2012) . This SFR — H 2 dependency is incor¬ 
porated into our SPH simulations (see Section |6.3) , and it is therefore nafural fo ask whefher 
fhe infegrafed [Cll] — SFR relation examined in Secfion 6.6.2 mighf simply be a case of galax¬ 
ies wifh higher SFRs having larger (molecular) gas masses wifh higher associated [Cll] lumi- 


nosifies. To invesfigafe fhis, we show in Fig. 6.11 [Cll] luminosify vs. gas mass for fhe full 
ISM in our simulated galaxies and for fhe individual gas phases separately For fhe molecular 
gas phase we see a significanf luminosify—mass scaling (red curve), which would explain fhe 
sfrong T[cii] — SFR relation for fhis phase and, af leasf in parf, fhe T[cii] — SFR relafion for 
fhe full ISM. The PDR gas and fhe ionized gas do nof exhibif similar luminosify—mass scaling 
relafions. Since, on average, significanfly more mass resides in each of fhese fwo phases fhan 
in fhe molecular phase, fhis has fhe effecf of weakening fhe correlafion between L[cii] and SFR 
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Figure 6.11 [Cll] luminosity versus gas mass of the total ISM (black line), the molecular (red line), the PDR (orange 
line), and the Hll (blue line) gas phase for each of our seven simulated galaxies. The [Cll] emission from the molecular 
gas is seen to increase with the amount of molecular gas available, whereas this is not the case for gas associated with 
PDR and Hit regions. 


when considering the full ISM. 

The abundances of mefals in fhe ISM is expecfed fo affecf fhe [Cll] emission. In fheir 
sfudy of low-mefallicify dwarf galaxies, D14 compared fofal (IR+UV) SFRs fo SFRs derived 
using fhe besf-fif T[cii] — SFR relafion fo fheir enfire sample. They found an increase in fhe 
SFRih+uv/SFRcii fracfion, corresponding fo weaker [Cll] emission, toward lower mefallici- 
fies. In Fig. 6.12 we show SFR/L[cn] as a function of Z[o/h] (= 12 + log [0/H]) for our simulated 
galaxies as well as for fhe dwarf galaxy sample of D14. As D14 poinfs ouf, Zfo /h] does nof fake 
info account potential deficits of carbon relafive fo fhe [O/H] abundance, pofenfially obscuring 


any pofenfial correlation befween [Cll] luminosify and acfual carbon abundance. In Fig. 6.12 
we fherefore also plof SFR/Ljcn] as a function of .^[c/h] {= 12 + log [C/H]) for our simulated 
galaxies. Arguably, our simulated galaxies exhibif a weak frend in SFR/L[cii] wifh mefallicify 
(in particular for [C/H]). Cerfainly fhere is a very good overall agreemenf wifh fhe findings of 
D14. The lack of a sfrong frend wifhin our simulation sample is nof suprising, however, since 
our galaxies span a limifed range in mefallicify (^[o/ h] = 8.03 — 8.96) and, as we saw in Section 


6.6.2 form a fighf Lcii ~ SFR relafion. 


To better undersfand how fhe mefallicify and also fhe ISM pressure affecfs fhe [Cll] emis¬ 
sion, we define a '[Cll] emission efficiency' (ejcn]) of a given gas phase as fhe [Cll] luminosify 
of fhe gas phase divided by ifs mass, and examine how if depends on Z' and Pext/^B- Specif¬ 
ically, we creafe a grid of {Z', Pext/^B) values, and in each grid point the median e[cii] of all 
clouds in our simulafed galaxies is calculafed. The resulting e[cii] contours as a fimcfion of Z' 
and Pext/^B are shown in Fig. 6.13 for fhe molecular (fop) and PDR (middle), and Fig. 6.14 for 
the Hll gas phases. For comparison, we also show the median Z'- and Pext/^B-values for each 
of our galaxies. 
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Figure 6.12 SFR/L[qi,] as a function of metallicity for our simulated galaxies. The metallicity is parametrized both 
relative to the oxygen (circles) and the carbon (crosses) abimdance. The galaxies are color coded in the usual manner. 
For comparison, we show SFR/Ljcii] ''S. Z[o/h 1 for the local dwarf galaxy sample of D14, where SFRs are from 
combined UV and 24 pm measurements. 


The molecular phase in our simulations is seen to radiate most efficiently in [Cll] at rel¬ 
atively high metallicities QogZ' ^ 0.5) and cloud external pressures (Pext/^B ~ 10® cm“® K). 
The PDR and ionized phases, however, have their maximal e[cii] at log Z'>0 and Pext ~ lO'^ cm ® K, 
i.e. at ~ 100X lower pressures than the molecular phase, and can maintain a significant [Cll] 
efficiency (^20%) even af Pext/^B ~ 10^ cm“® K provided log Z'>0. This is consisfenf wifh our 
finding in Section [6.6.1 fhaf fhe molecular phase dominafes fhe [Cll] emission in the central, 
high-pressure regions, while the PDR gas dominates further out in the galaxy where the ISM 
pressure is less extreme. In all three panels, G6 and G7 lie in regions of high e[cii] (^50% for 
fhe molecular and PDR gas). Thus, fhe reason why fhese two galaxies have fhe highesf fofal 
[Cll] luminosities is in parf due fo fhe facf fhaf fhey have fhe highesf molecular gas masses (by 
nearly an order of magnifude, see Fig. 6.11) , and in parf due fo fhe bulk of fheir cloud popu¬ 
lation (GMGs or ionized clouds) having sufficienfly high mefallicifies (on average >5x higher 
than G2) and experiencing external pressures (^ 100 x higher on average than the remaining 
galaxies) which drives their [Gll] efficiencies up. 


6.7 Comparing with other [Cii] simulations 

A direcf quanfifafive comparison wifh ofher [Cll] emission simulafion sfudies in fhe liferafure 


( [Nagamine ef al. 2006 Vallini ef al. 2013 2015 Popping ef al. 2014b Munoz & Furlaneffo 


2014[| is complicafed by fhe facf fhaf fhere is nof always overlap in fhe masses and / or red- 


shiffs of fhe galaxies simulafed by fhe aforementioned sfudies and our model galaxies. Fur¬ 
thermore, there are fundamental differences in fhe simulafion approach, wifh some adopfing 
semi-analyfical models ([Popping ef al. 2014b Munoz & Furlaneffo[ |SJl4) and ofhers adopf- 
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Figure 6.13 Contours of (median) e[cii] (i-e. [Cll] luminosity per gas mass) as a function of Z' and Pext/^B for the 
molecular (top) and PDR (bottom) gas phases in our model galaxies. In each panel the contours indicate 0.01%, 1%, 
2%, 5%, 10%, 20%, 50%, 70%, and 90% percentages of the maximum efficiency. For reference, the maximum (median) 
e[Cii] for the molecular and PDR gas phases are: 3.7 and 6.6 Lq/Mq, respectively. Median values of Z' and Pext/fee 
and for the GMC and ionized cloud population in each model galaxies are indicated as colored circles (error bars are 
the 1(T dispersion of the distributions). 


ing SPH simulations ( [Nagamine et al. 2006 Vallini et al. 2013 2015| . Also, differences in fhe 
numerical resolution of bofh fypes of simulafions, and in fhe specifics of fhe sub-grid physics 
implemenfed, can lead fo diverging resulfs and make comparisons difficulf. 

The simulafions presenfed here combine cosmological SPH galaxy simulafions wifh a sub¬ 
grid freafmenf of a mulfi-phase ISM fhaf is locally healed by FUV radiation and CRs in a man- 
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Figure 6.14 Contours of (median) e[cii] (i-e. [Cll] luminosity per gas mass) as a function of Z' and Pent/k^ for the 
Hll gas phases in our model galaxies. The contours and galaxy positions are defined as in Fig. |6.13| The maximum 
(median) ionized gas phase is: 0.02 Lq /Mq. 


ner that depends on the local SFR density within the galaxies. We have applied our method to 
a high resolution ((imgpH ~ 1.7 x 10^ M 0 ) cosmological SPH simulation of z = 2 star-forming 
galaxies (i.e., baryonic mass resolufion Smspn — 1-7 x 10^ Mq and gravifafional soffening 
lengfh ~ 0 . 6 / 1 “^ kpc, see Secfion 6.31. A novel feafure of our simulafions is fhe inclusion of 
molecular, neufral and ionized gas as contributors to the [Cll] emission. Another unique fea¬ 
ture of our model is fhe inclusion of CRs as a roufe to produce C’*' deep inside fhe GMCs where 
UV phofons carmof penefrafe (see Secfion [63) . 

Our simulafions probably come closes! - bofh in ferms of mefhodology and galaxies sim¬ 
ulated - to those of Nagamine ef al. ( |2006) who employed cosmological simulations with 
GADGET-2 (the precursor for GADGET-3 used here) to predicf fofal [Cll] luminosifies from 
dark maffer halos associafed wifh z ~ 3 LBGs wifh M* ^ 10^° Mq and SFR>30 Mq yr“^ (see 
also Nagamine ef al. 2004) . Their simulafions employed gas mass resolutions in fhe range 
iJntspH — 3 X 10®“® Mq and gravifafional soffening lengfhs of f 5 rpically > lh~^ kpc. In fheir 
simulations the ISM consist of a CNM (T ^ 80 K and n ^ 10 cm“®) and a warm neufral medium 
(T ~ 8000 K and n ~ 0.1 cm“®) in pressure-equilibrium, and fhe assumpfion is made fhaf fhe 
[Cll] emission only originafes from fhe former phase. The fhermal balance calculation of fhe 
ISM includes heating by grain phofo-elecfric effecf, CRs, X-rays, and phofo-ionizafion of CI - 
all of which are assumed fo scale on fhe local SFR surface densify. Their simulafions predicf 
f^[cii] ~ (0-3 — 1) X 10® Lq for fheir brighfesf LBGs (SFR>30 Mq yr“^) which is slightly below 
the prediction of our infegrafed [Cll] — SFR relafion (T[cii] 6 x 10® Lq- Fig. 


6.9 1 . 


Employing a semi-analyfical model of galaxy formation. Popping ef al. ( 2014b| made pre¬ 
dictions of fhe infegrafed [Cll] luminosify from galaxies af z = 2 wifh M, ~ 10® — 10^^ Mq and 
SFR ~ 0.1 — 100 Mq yr“^ (see also Popping ef al. 2014c i. The galaxies are assumed fo have 
exponential disk gas densify profiles, wifh randomly placed 'over-densities' mimicking GMCs 


105 





































(constituting ~ 1% of the total volume). The gas is embedded in a background UV radiation 
field of 1 Habing, wifh local variations in the radiation field sef fo scale wifh fhe local SFR sur¬ 
face densify. The C’*' abundance is sef fo scale wifh fhe abundance of carbon in fhe cold gas. 
The excifafion of [Cll] occurs via collisions wifh e“, H, and H 2 , and fhe line emission is calcu- 
lafed wifh a 3D radiative transfer code fhaf fakes info accounf the kinematics and optical depth 
effects of fhe gas. For galaxies wifh SFRs similar fo our model galaxies (~ 5 — 5OM0yr“^) 
their simulations predict ensemble-median [Cll] luminosities of <(1 — 6) x 10^This is 
lower fhan fhe [Cll] luminosities predicfed by our simulafions and also somewhaf on fhe low 
side of fhe observed 2 ; ^ 0 T[cn] ~ SF R relation (Fig. |6.9|. Allowing for fhe +2(7 deviation 


Popping et al. (2014b| models results in T[cii]<(2 — 30) x 10^ Lq for 


from the median of fhe 

SFR ~ 5 — 50 Mq yr“^, which mafches fhe observed L[cii] — SFR relation. 


The remaining [Cll] simulafion sfudies in fhe liferafure focus on z>6 galaxies ([Vallini ef al. 


2013 2015 Munoz & Furlaneffo 2014[ |. Vallini ef al. ( 2013| uses a GADGET-2 cosmological SPH 
simulation with a mass resolution ilmspH = 1-32 x 10^ Mq and gravitational softening length 
~ 2h~^ kpc. They adopt a two-phased ISM model (CNM-t-WNM), and heating and cooling 
mechanisms similar to that of Nagamine ef al. ( 2006| , in order fo predicf fhe [Cll] emission 
from a z = 6.6 Lyman alpha emiffer (LAE) wifh SFR ~ 10 Mq yr“^. They invesfigafed fwo 
cases of fixed mefallicify: Z' = 1 and Z' = 0.02. In fheir simulafions, fhe CNM (T ~ 250 K and 
n ~ 50cm“^) is found fo be responsible for ^ 95% of fhe fofal [Cll] emission, wifh fhe WNM 
phase (r ^ 500 K and n ^ \ cm“^) contributing the remaining 5%. Vallini et al. ( |2015|l presents 


an update to their 2013 model, in which the same z = 6.6 SPFI simulation as in Vallini et al. 


( |2013| is considered but now with the implementation of a densify-dependenf prescription for 
fhe mefallicify of fhe gas, and fhe inclusion of [Cll] confribufions from PDRs (in addifion fo 
fheir previous fwo-phased CNM-FWNM ISM model), and accounting for fhe effecf of fhe CMB 
on the [Cll] emission. As a result of fhese updafes, if is found fhaf fhe [Cll] emission is now 
dominafed by fhe PDRs, wifh < 10% coming from fhe CNM. This is qualifafively consisfenf 
with the results from our simulafions af z = 2 where fhe PDR gas dominafes fhe fofal [Cll] 
emission af leasf af fhe low SFR end (<10 Mq yr“^). However, our simulafions do nof incorpo- 
rafe fhe CNM fo fhe same exfenf as fhaf of |Vallmi ef al. ( 2015| , as fhe lowesf densifies found in 
the neutral gas in our simulations is of order ^ 100 cm“^, i.e., above fypical CNM densifies of 
~ 20 — 50cm“^. If is fherefore reassuring fhaf Vallini ef al. (2015 1 find fhe CNM confribufion 
fo fhe fofal [Cll] emission fo be benign. Assuming fhaf Esfr cic Eh 2 and Ehs oc 


Vallini 


ef al. (2015 1 scale fhe [Cll] luminosify of fheir fiducial LAE model (SFR = 10 Mq yr ^) in order 


fo generafe a L[cii] — SFR relafion. 

Munoz & Furlaneffo (|2014| make analyfical predictions of fhe [Cll] luminosities for a range 


of galaxy f 5 rpes af z>6 (e.g., Lyman-alpha emitters, sfarbursf galaxies and quasars, spanning 
a range in SFR from fens of Mq yr“^ to several thousand) as part of fheir efforfs fo develop 
an analyfical framework for disk galaxy formation and evolufion af fhese early epochs. In 
their study, the [Cll] emitting gas is assumed to come from phofo-dissociafion regions only. 
Throughouf their models, the metallicity is kept fixed af solar. By tuning their models, i.e., 
either increasing the star formation efficiency af high redshiffs or lowering fhe depletion of mef- 
als onto dusf grains, fhey arrive af fhe [Cll] —SFRrelafion: Ljchj/Lq = 5x10® (SFR/IOOMq yr“^ 
While fhis is essentially a linear relafion, if sfruggles fo mafch fhe expecfed [Cll] luminosities 


^Since Popping et al. ' 2014b| plots i[cii] against Lia and not SFR, we have converted our SFRs to Lir in order to 
crudely ehimate their predicted [Cll] luminosities (see their Fig. 11). For the SFR —)• Ljr conversion we have used 
(Bdilpoo^ . Not all the star formation will be obscured and so the IR luminosities, and thereby the [Cll] luminosities 
given here will be upper limits. 
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based on observations due to the somewhat lower normalization. 


6.8 Conclusion 


We have adapted SI GAME (described in previous Chapter) to include simulations of the [Cll] 
emission from sfar-forming galaxies. SI GAME was applied fo SPH simulafions of seven sfar- 
forming galaxies at z = 2 wifh sfellar masses in fhe range ~ (0.4 — 6.6) x 10^° Mq and SFRs 
~ 5 — 60MQyr“^ in order fo make predicfions of fhe [Cll] line emission from MS galaxies 
during fhe peak of fhe cosmic sfar formafion history. 

A key resulf of our simulafions is fhaf fhe fofal [Cll] emission budgef from our galaxies is 
dominafed by fhe molecular gas phase (^70%) in fhe central regions (i?<l kpc) where the bulk 
of fhe sfar formafion occurs and is mosf intense, and by PDR regions furfher ouf (i?>l — 2 kpc) 
where fhe molecular [Cll] emission has dropped by at least an order of magnifude compared fo 
fheir cenfral values. The PDR gas phase, while rarely able fo produce [Cll] emission as infense 
as fhe molecular gas in fhe cenfral regions, is nonefheless able fo mainfain significanf levels of 
[Cll] emission from i? ~ 2 kpc all the way out to ~ 8 kpc from the center. The net effect of fhis is 
fhaf on global scales fhe PDR gas can produce befween 8% and 67% of fhe fofal [Cll] luminosify 
with the molecular gas responsible for fhe remaining emission. We see a frend in which galaxies 
wifh higher SFRs also have a higher fraction of fheir fofal [Cll] luminosify coming from fhe 
molecular phase. Our simulations consistently show that the ionized gas contribution to the 
[Cll] luminosity is negligible (<3%), despite the fact that this phase dominates the ISM mass 
budget (see Fig. 6.111. Therefore, fhe ionized gas phase is an inefficienf [Cll] line emitter in our 
simulations. 


The integrated [Cll] luminosities of our simulafed galaxies sfrongly correlafe wifh fheir 
SFRs, and in a manner fhaf agrees well (bofh in terms of slope and overall normalization) 
wifh fhe observed T[cii] — SFR relafions for normal sfar-forming galaxies af bofh low and 
high redshiffs. We have also examined fhe relationship befween fhe 1 kpc-averaged surface 
densities of T[cii] and SFR across our simulafed galaxies. The resulting S[cii] — relation 
spans six orders of magnifude in Ssfr (~ 10“® — 10MQyr“^kpc“^), extending beyond fhe 
observed ranges af bofh fhe low and high end of fhe relation. In the SsFR-range where a 
direct comparison with observations can be made (~ 0.001 — 1 Mq yr“^ kpc“^) we find excellenf 
agreemenf wifh our simulafions. 

Our simulafions suggesf fhaf fhe correlation befween [Cll] and SFR - bofh fhe infegrafed 
and fhe resolved versions - is defermined by fhe combined [Cll]-confribufion from fhe molec¬ 
ular and PDR phases (fhe ionized gas makes a negligible confribufion), wifh fhe former ex- 
hibifing fhe sfeepesf slope and dominating fhe [Cll] emission af fhe high-SFR-end. We argue 
that this is due to the fact that the [Cll] luminosity scales with the amount of molecular gas 
presenf in our simulafed galaxies. A similar luminosify-mass scaling is nof seen for fhe ofher 
phases. Our work fherefore suggesf fhaf fhe observed [Cll] — SFR relation is a combination 
of fhe line predominanfly fracing fhe molecular gas (i.e., fhe sfar formation 'fuel') at high SFR 
levels/surface densities, while af low SFRs/surface densities fhe line is fracing PDR gas being 
exposed fo a weaker, infersfellar UV-field. As a consequence, we h 5 rpofhesize fhat galaxies wifh 
large mid-plane pressures and large molecular gas fractions will display a steeper [Cll] — SFR 
relationship fhan galaxies where a larger fraction of fhe ISM is afomic/ionized gas. In fhe fu- 
fure we will exfend fhis sfudy fo a larger sample of model galaxies, in parficular wifh a larger 
spread in SFRs and mefallicifies. 
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In the future we feel sfrongly encouraged fo exfend fhis sfudy fo a larger sample of galaxies, 
in parficular wifh a larger spread in SFRs. 
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7 


Outlook 


7,1 Improvements ON siGAME 

The aim of SI GAME is to model line emission from the ISM of galaxies at any redshift. Such 
a code has to be as true as possible to the observations of gas and dust, on small and large 
scale. At high-z (and assuming that physical laws do not change in time), this turns into a 
limitation in how well we can resolve the ISM spatially or spectroscopically, sometimes leading 
to rather crude assumptions based on what can be observed locally. As a recently developed 
code, SI GAME has several such assumptions with room for improvement, of which three are 
listed below. 


7.1.1 Dust temperatures with a radiative transeer code 


With SIGAME we have demonstrated a new method that takes into account local FUV fields 
and CR intensities in galaxies. However, our method of scaling these fields to the local SFR 
and total stellar mass, can be made much more realistic with the inclusion of an actual dust 
radiative transfer (RT) code. One such code, developed recently, is H 5 rperiorj^ (Robitaille 


20111 


for which Powderda 50 can be used as an interface between H 5 rperion and galaxy formation 


simulations. And many alternatives exist as evident from the review by Steinacker et al.| ( 2013| . 
Implementing one of these would allow us to self-consistently derive dust temperatures, taking 
into account anisotropic scattering, absorption and (re-)emission by interstellar dust, all based 
on the distribution of stars and dust in the galaxy. 


7.1.2 MODEEING OE ASYMMETRIC GMCS 

At present, there exists a gap between simulations of the ISM on galaxy-scales and those on 
scales relevant for the formation of individual stars. On galaxy-scales, simulations are t 5 rpically 
restricted to model star formation using empirical correlations between gas density and star 
formation rate. However, more detailed simulations are emerging, following dense gas from 
kpc-scales down to ^ 0.1 pc where star clusters are formed ( [Butler et al. 2014 Dobbs 2015| . 
With modifications, S f GAME could be applied to resolved simulations of single star formation 
such as those of Vazquez-Semadeni et al. (2010 2011| and Dale et al. ( |2013| l, in order to make 
a more precise grid in CO line intensities as a function of more global parameters. The move 


^http://www.hyperion-rt.org/ 

^https://bitbucket.org/desika/powderday 
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from spherically symmetric GMC models towards the clumpy, filamentary clouds observed is 
an important step forward for SI GAME. 


7.1.3 Including heating by X-rays and turbulent dissipation 


Particularly towards the Galactic center, observations demand the presence of non-photon 
driven heating such as cosmic rays and turbulent dissipation ( |Ao et alT 2014) . But also in nor¬ 
mal star-forming GMCs, turbulent dissipation has been suggested as a cause for most of the 
observed excess in CO lines at Jupper > 6 ( |Pon et aT 2012 2014[ |. In AGNs, the circum-nuclear 
disks can act like an X-ray Dominated Region (XDR), and X-ray heating is therefore important 
when modeling these central regions (e.g. Aalto et ak} 2007} Garda-Burillo et al. 2010| . We have 
focused our research projects on normal star-forming galaxies, but if SI GAME is to work more 
generally on starburst and AGNs, turbulent dissipation and X-ray heating must be included in 
the model. 


7.2 Going to higher redshift 


7.2.1 The evolution oe Xco with redshiet 

Gas mass estimates depend crucially on the dust-to-gas mass ratio or the X-factor, ATco- At z ~ 
2, sfGAME predicts Xco factors about half that of the MW for massive star-forming galaxies, 
and applying the same method to simulations at higher redshift, we could investigate how Xco 
changes with redshift. Such predictions will be important for future observational campaigns 
trying to pin down the evolution of /gas with redshift. Xco could also readily be applied to 


observations of any CO line, if we knew the shape of the CO ladder beforehand. Narayanan 
& Hopkins ( |2012| developed a parametrization of the CO ladder with SgpR that SI GAME can 
now improve on by seeing how it changes at z > 2 for normal star-forming galaxies. 


7.2.2 The eull calibration to normal galaxies at z ~ 2 

As evident from the study of CO and [Cll] line emission in normal star-forming z ^ 2 galax¬ 
ies, we are in need of more observations, in particular of the full CO SLED, in order to test 
models, such as SI GAME, and use them to their fullest. I plan to continue my involvement in 
the HELLO {Herschel Extreme Lensing Line Observations) project which takes advantage of 
powerful lensing (by e.g. foreground groups of galaxies) in order to detect [Cll] line emission 
from normal galaxies at z ~ 2. With the high spectral resolution of Herschel, kinematic stud¬ 
ies of the line profiles are used to estimate rotation speed and gas velocity dispertion ( [Rhoads 
et al. 2014) . Eollow-up observations of CO lines with JVLA and ALMA make these galaxies 
excellent callibrators for SI GAME, which itself will help in the interpretation of these future line 
observations. 


7.2.3 Galaxies during the epoch oe re-ionization 

In the early universe, at redshifts above 7, spectroscopic obervations in the EIR might be our 
only way to characterize the modest MS galaxies responsible for most star formation, that are 
otherwise proving difficult to capture in rest-frame UV with existing spectrographs. Observing 
and modeling the gas conditions during the Epoch of Re-ionization (EoR) will enable us to 
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answer questions such as: How did galaxies first aquire their gas masses? When did the gas become 
enriched by the first supernovae? What role did the gas play in setting the SFR? 


Observing with band 7 of ALMA, Capak et al. ( |2015| found > 3cr defections of [Cll] in 
a sample of 9 normal (SFR< 3 fo ^ 170 Mq yr“^) galaxies af z ^ 5 — 6 , of which only 4 
are defecfed in dusf confinuum, underlining fhe imporfance of [Cll] as a fracer of fhe ISM 
af high redshiff. However, many atfempfs with ALMA (and PdBI) pointing at z ~ 7 star¬ 
forming MS galaxies for hours, have only resulfed in upper limifs on bofh [Cll] line emission 


and dusf confinuum (|Ouchi ef al. 

|2013| IMaiolmo ef al.) |2015) |Ofa ef al.) |2014) |Schaerer ef al. 

2015 Gonzalez-Lopez ef al. 2014 

. One preferred explanafion is low mefallicify because fhe 


galaxies mighf nof have had enough fime fo enrich fhe primordial gas wifh mefallicifies fo a 
degree fhaf fheir line emission is sfrong enough for defection (|Ouchi ef al. [2013 Ofa ef al. 


2014 Gonzalez-Lopez ef al. 2014 Schaerer ef aL[ 2015|. Anofher explanafion based on recenf 


simulations, is fhaf molecular clouds in fhese primeval sysfems are desfroyed and dispersed by 
sfrong sfellar feedback, pushing mosf of fhe carbon fo higher ionization states ([Maiolino et al. 


2015 [\^llrni et aL 2013[|. A difference in PDR sfrucfure or physical sfafes of fhe ISM befween 


sfar-forming galaxies af high-redshiff and local ones, mighf also be enough fo explain fhe low 
luminosify in [Cll] and FIR (Ofa ef al. 2014 1 . 



1.5 1 0.5 0 -0.5 -1 

Relative J2000 Right Ascension (arcsec) 


Interestingly Maiolino et al. ( |2015| detect a 
strong (7cr) [Cll] signal from a posifion which 
is offsef from fhe acfual galaxy, BDF3299 af 

This is in- 


= 7.109, as shown in Fig. 7.1 


ferprefed as an accrefing/safellife gas clump 
of neufral gas abouf 4kpc from fhe galaxy 
ifself. Af slighfly higher redshiff, Wafson 


ef al. (|2015[l managed fo defecf dusf confin¬ 


uum emission from the galaxy A1689-zDl of 
SFR~ lOM 0 yr“^. Such observations nourish 
fhe hope fhaf we are buf few sfeps away from 
using [Cll] observafions fo charaferise fhe gas 
in normal galaxies and / or fhe mass assembly 
from the Circumgalactic Medium (CGM) in the 
early universe. 


With this motivation, I have recently made 
preliminary attempts at simulating [Cll] emis¬ 
sion from halos af high redshiff, in collabora- 
fion wifh Krisfian Finlafor, here af fhe Dark 
Cosmology Cenfre. As a simple fesf, we 
adopfed a NFW profile for fhe radial halo den- 
sify profile, and, since liffle is known abouf fhe 
mefal abundance at these redshifts, assumed 
three values for fhe abundance of carbon, going from pessimistic fo optimistic: Z'q, = 
jlO- 4.5 20 “^, 10“^'®]. The resulting rough esfimafe of [Cll] luminosify as a function of halo 
mass af z = 6 is shown in Fig. |7.2| fogefher wifh a surface brightness map for a halo mass of 
5 X 10® Mq. Wifh fhe use of acfual cosmological simulations, rafher fhan simple spherically 
symmefric halo models or consfanf mefallicify and femperafure, we can make much more pre¬ 
cise predicfions for fhe defecfabilify of fhe CGM. 


Figure 7.1 Image in rest frame UV stellar continnum 
and Lya emission of the z = 7.109 galaxy BDF3299. 
Green contours show the levels of 2, 3 and 4 times the 
noise per beam in the [Cll] map. The detected clump 
at 4 kpc distance from the galaxy center (black cross) is 
marked 'A' (Maiolino et al.|p015) . 
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Figure 7.2 Left: [Cll] luminosity as a function of stellar mass for our fiducial case (solid line) and the optimistic and 
pessimistic cases (dashed lines). Right: Map of [Cll] surface brightness from a galaxy of stellar mass 5 x 10® Mq at 
2 = 6 (corresponding to a halo mass of 2.7 x 10^^ Mq within the virial radius, marked on the figure. 
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How TO DETECT AN AGN 


A general concern when estimating the SFR by fitting the broadband SED of a galaxy wifh 
sfellar populafion s 5 mfhesis models, is fhe relafive dominance of AGN versus sfar formafion. 
The dominanf confribufor fo fhe mid-infrared (MIR) lighf is from UV-lighf reprocessed by dusf, 
buf fhe UV lighf can be emiffed by eifher young sfars or an AGN. Af z ~ 2 if is nof clear, wifhouf 
fhe aid of high spafial and specfral resolufion, whaf is causing fhe observed MIR emission from 
massive galaxies; is dusf in fhe cenfral regions being heafed by AGN acfivify is dusf across a 
larger region of fhe galaxy being heafed by sfar formafion, or is a combinafion of fhe fwo 
scenarios faking place? 

X-ray emission, on fhe ofher hand, does nof suffer from sfrong dusf obscurafion. Observing 
in X-ray can fhus liff fhe apparenf degeneracy in inferprefing fhe origin of fhe MIR lighf, and 
fhereby help fo give fhe frue AGN fracfion of a sample of galaxies. A galaxy dominafed by 
AGN acfivify can be distinguished from a galaxy dominafed by sfar formafion by having a 
harder X-ray specfrum if fhe AGN is obscured by dusf, or by simply having a very high X- 
ray luminosify, To.s-skev- The mosf heavily obscured 'Compfon-fhick' AGNs, wifh column 
densities TVh > 10^^ cm“^, mighf be missed by X-ray selection, buf can insfead be identified via 


an excess of MIR emission over fhaf expecfed from purely sfar-forming galaxies (e.g., Daddi 
ef al. |2007t[TVeisfer ef ak |2009) . 


The shape of fhe MIR specfrum can also reveal AGNs, as fhe infense nuclear emission re- 
emiffed by dusf leads fo a power-law specfrum in fhe MIR. For fhis purpose, color cufs have 
been devised using fhe Spitzer dafa (e.g., Sfern ef al.} 2005 Donley ef al. 2012| . While fhis 
fechnique has fhe capabilify of defecfing even Compfon-fhick AGNs, ofherwise missed in X- 
ray, if has a low efficiency for low- fo moderafe-luminosify AGNs and ifs robusfness has yef fo 
be verified af z > 2 ( [Cardamone ef ar)|2008| . 

In a galaxy where sfar formafion is dominanf, fhe fofal hard band X-ray luminosify, T 2 -iokeV/ 


can be used fo esfimafe fhe SFR (e.g., Grimm ef al. 2003 Ranalli ef al. 2003 Lehmer ef al. 


2010[|. An AGN will reveal ifself if fhe X-ray SFR inferred fhis way is much larger fhan fhe 


SFR derived from ofher fracers such as Ha, UV, or MIR luminosify. Also, if sfar formafion 
dominafes fhe radiafion outpuf, fhe > SFR conversion will give an upper limif on fhe SFR 
as has been obfained for sub-mm galaxies ( [Laird ef al. 2010| and for massive, sfar-forming 
galaxies af 1.2 < z < 3.2 ( |Kurcz 3 mski ef ah} 2012| |. 

Af redshiffs around 2, high-ionizafion lines in fhe resf-frame UV can be used as AGN in- 
dicafors, buf X-ray observafions remain a more efficienf way of identifying AGNs ([Lamareille 

Mol l. 
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8.1 Dissecting the X-ray emission erom an AGN 


I will focus this section on X-ray emission generated by the accretion of matter onto a SMBH, 
as described in Section 1.3.1 since it is this characteristic that I use for detecting AGN in my 
study of the presence of AGN at high-z (Part [11). 

Fig. 8.1 shows the X-ray part of the SED of a type I AGN, together with individual contri¬ 
butions from its components, the nature of which is elaborated on below. 



Figure 8.1 The X-ray spectrum (black) of a typical type I AGN, with curves showing the contrution from a primary 
continuum component (pink) resembling a power law but aborbed at soft energies by warm gas, a cold reflection 
component (green; Compton hump) and a soft excess (cyan). Also shown is iron Ka emission - the most relevant 
narrow feature (red), arising in the inner parts of the accretion disk. Figure from the review by|Risaliti & Elvi^(2004). 


At high X-ray energies (~ 30 keV), the SED is dominated by reflection component ('Gomp- 
ton hump') consisting of primary emission from the accretion disk being scattered by ionized 
gas, i.e. electrons. This component will be largest if the reflector is Compton-thick but smaller 
in the Compton-thrn case in which case some of the incident radiation escapes without interac¬ 
tion ( jRisaliti & Elvis [2004) . An additional hard component is sometimes present, most likely 
caused by inverse-Compton scattering of the radio-s 5 mchroton photons off of electrons in the 
relaticistic jet itself. At lower energies (< 2 keV) with an almost universal effective tempera¬ 
ture of ~ 0.1 — 0.2keV, a 'soft excess' is often observed but less understood. Models suggest 


that the strongest soft excesses are found in AGNs with low mass accretion rates Done et al. 


( [2012 1 , and typically atomic processes are invoked to explain the soft excess via either ionized 
reflectioni with light bending or the remaining part of a high-energy power law subject to ion¬ 
ized absorption ( jVasudevan et al. 2014) . But also comptonization models have been proposed, 
in which the soft excess consists of UV / soft-X-ray photons by a population of hot electrons 
Matt et al. (2014). The joint NuSTAR/XMM program as well as future X-ray missions such as 


ASTRO-H and ASTROSAT (to be launched this year) are likely to break the degeneracy be¬ 
tween these models (see Section 1.51. Finally a warm, ionized absorber exists that reflects the 
incident continuum without changing its spectral shape. 

To first order though, the intrinsic or 'primary' emission from the central engine is a power 
law extending from 1 to 100 keV, with the slope determined by the different components de¬ 
scribed. The slope of the power law can be used to determine the amount of obscuration in the 
AGN, as more obscuration will result in a steeper power law (harder). In order to estimate the 
column density of obscuring material, one has to take a guess at the spectral slope, T, of the 
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Figure 8.2 X-ray spectra of 13 galaxies from the work of Tajer et al. 2007|. Left: Top two spectra are consistent with 
star-forming template SEDs shown, while the following 4 galaxies have type 2 AGN SEDs. Right: Type 1 AGN SEDs. 


intrinsic emission from the obscured source: 


[photons cm ^s ^ keV cx ^ (8.1) 

where dN is the number of photons with energy in the dE energy range. Note that a harder 


spectrum has lower T as shown in the left-hand plot of Fig. 8.3 A value of F = 1.9 is usually 
adopted, based on observations showing that F is roughly constant for large samples of low- 
luminosity Seyfert galaxies and bright QSOs for redshifts up to ^ 5 (e.g. Nandra & Pounds 
|1994t[^eves & Tumer|[2000}|Piconcelli et al.||2005) . 


Fig. 8.2 shows 13 SEDs from X-ray to FIR (100 pm) of type I and t 5 ^e II AGN with best-fit 
galaxy templates. The X-ray part consists of data from XMM (see Section [T3) sampled with 4 
bands at 0.3-0.5, 0.5-2, 2-4.5,4.5-10 and 2-10 keV. 

The high angular resolution (~ 0.5") of Chandra combined with the high sensitivity in the 
deep fields CDF-N and CDF-S (see Section [T^ , makes these fields advategous for searches of 
AGN at low and high redshift ( [Bauer et al. 2004 Xue et al. 2011 Treister et al. 2009 Alexander 
et al. 2011|. For those studies, the observed X-ray spectra of Chandra are t 5 ^ically divided into 


a full (0.5 — 8 keV), a soft (0.5 — 2 keV) and a hard (2 — 8 keV) band. A proxy for the powerlaw 
slope is the 'hardness ratio', HR, defined as: 


RR= {H - S)/{H + S) 


( 8 . 2 ) 


where H and S are the counts in hard and soft band respectively. Hardness ratio has the advan¬ 
tage, in comparison to F, of avoiding any assumptions regarding the shape of the spectrum. 
Assuming an intrinsic obscured power law with F = 1.9, HR converts into a column density 


that increases with the 'hardness' of the spectrum as shown in the right-hand plot of Fig. 8.3 
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Figure 8.3 Measures of intrinsic power law slope in AGN. Left: SED templates for unobscured Seyferts normalized 
at 1 keV jGilli et al.|[2007) . Right: Column density of obscuring material as a function of hardness ratio, HR (Treisterj 

[enr][20^ 


The criteria for finding an AGN are a high full-band X-ray luminosify 2 x 10"^^ ergs/s) of a 
hard specfrum wifh HR > — 0.2 for sources of lower luminosify These criferia are meanf fo rule 
ouf galaxies wifh SEDs consisfen wifh sfar formafion processes only. However, a fhird possible 
origin of a brighf X-ray componenf in fhe area-infegrafed SED, is a hof gas halo embracing fhe 
galaxy ( [Mulchaey & Jelfema 2010| . Souch a componenf can be ruled ouf, if fhe observed X-ray 
source is predominanfly poinf-like, rafher fhan exfended. 


8.1.1 The AGN fraction at ^ > 2 from observations in X-ray 

Several sfudies of massive z ~ 2 galaxies have fherefore been made wifh fhe aim of uncovering 
AGN fracfions, using fhe Chandra X-ray observatory Rubin ef al. ( |2004| performed a sfudy of 
40 massive (M* = (1-5) x red (Js — > 2.3) galaxies af z > 2 by analyzing a 91 ks 

Chandra exposure. Roughly 5% of fhese were found fo hosf an AGN wifh infrinsic T 2 -iokev > 
1.2 X 10"^^ erg s“^. Assuming fhaf fhe sfacked X-ray signal from fhe remaining X-ray undefecfed 
galaxies in X-ray comes from sfar formafion alone, fhey derived a mean SER broadly consisfenf 
wifh fhe fypical mean SERs esfimafed from SED fifs. Alexander ef al. ( |2011| analyzed fhe 4Ms 
Chandra observafions of 222 z « 2 sfar-forming BzK galaxies (M* ~ lO^^-lO^^M©, Daddi ef al. 


2007[ | in fhe Ghandra Deep Eield-Soufh (CDE-S). 10%(23) showed X-ray emission consisfenf 
wifh AGN dominance, of which 5%(11) were found fo confain heavily obscured AGNs, 4%(9) 
fo have luminous, unobscured AGNs, and 3 ouf of 27 low-luminosify systems showed excess 
variabilify over fhaf expecfed from sfar formafion processes, indicafing fhaf af leasf some low- 
luminosify (resf-frame T 2 -iokev < 10^^ ergs“^) sysfems may confain AGNs. 
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On the prevalence of AGN at z ~ 2 

(Paper III) 


9.1 Aim of this project 

The aim of this project was to determine the AGN fraction in massive z ^ 2 galaxies, and reveal 
any differences between quiescent and star-forming galaxies. 


9.2 Our method and galaxy sample 


We addressed the matter by analyzing the X-ray emission from a mass-complete (M* > 5 x 
sample of 1.5 < z < 2.5 galaxies residing in the CDF-S. The CDF-S, observed for 4Ms, 
is currently the deepest X-ray view of the universe and so provides the best opportunity to 
study high-z galaxies across a relatively large area (464.5 arcmin^). 

We selected our galaxies from the FIREWORK^ catalog (jWuyts et al. 


, which covers 

a field situated within the CDF-S and contains photometry in 17 bands from the U band to 
the MIR. For this study we extracted a mass-complete sample of M* > 5 x 1O^°M0 galaxies 
at 1.5 < z < 2.5 in a way similar to that of Franx et al. ( |2008) and Toft et al. ( |2009| . We used 
spectroscopic redshifts when available ( [Vanzella et al. 2008 Xue et al. 2011[ |, and photometric 
redshifts from the FIREWORKS catalog otherwise. In order to maximize the signal-to-noise 
(S/N) on results from X-ray stacking ( [Zheng et al. 2012| and ensure a relatively homogeneous 
PSE across the Chandra field employed, we considered only galaxies that lie within 6' of the 
average Chandra aimpoint. 

We adopted galaxy stellar masses from the SED fitting results of Eranx et al. ( |2008| l and Toft 
et al. ( 2009) . In short, the SED fits were carried out with models by |Bruzual & Chariot ( |2003) , 
choosing the best fit from adopting three different star formation histories (a single stellar pop¬ 
ulation with no dust, an exponentially declining star formation history of timescale 300 Myr 
with dust, and a constant star formation history with dust). In cases where the spectroscopic 
redshift differed by more than 0.1 from the original EIREWORKS photometric redshift, we re¬ 
did the SED fits in EASl[^ using an exponentially declining star formation history with a range 
of possible timescales from 10 Myr to ~ IGyr. As a quality parameter of the SED modeling, 
we demanded an upper limit on the reduced xl of 10 oo the best-fit model. The SED fits pro- 


Nttp://www.strw.leidenuniv.nl/fireworks/ 
^http://astro.berkeley.edu/~mariska/FAST.html 
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vide SFR estimates, but we used SFRs derived from rest-frame UV+IR luminosifies (see Section 


9.2.31 as fhese include obscured sfar formafion and are subjecf fo less assumptions. From fhe 
observed phofometry, resf-frame fluxes in U, V, J band and af 2800 A have been derived using 
Infer Res ([Taylor ef al. 


20091. 


We divided fhe resulting sample of 123 galaxies info quiescenf and sfar-forming galaxies 
using fhe resf-frame U, V and J (falling roughly info fhe observed J, K and IRAC 4.5 pm 
bands af z ~ 2) colors. Dusf-free buf quiescenf galaxies differ from dusf-obscured sfarbursf 
galaxies in fhaf fhey obey fhe following criferia by Williams ef al. (2009||: 


U-V >1.3 
V-J <1.6 

(U -V)> 0.88 -J) + 0.49 


(9.1) 

(9.2) 

(9.3) 


The fraction of quiescenf galaxies identified wifhin our sample using fhis mefhod is 22% ± 
5%(27/123). This is rafher low compared fo fhe 30-50% found by Toff ef al. ( 2009) for fhe 
same redshiff and mass limif, buf under fhe requiremenf fhaf fhe sSFR (=SFR/M*) from SED 
tiffing is less fhan 0.03Gyr“^. If applying fhis criferion, we would have arrived af a fraction 
of 42% ± 7%(51/123). A possible reason for fhe discrepancy befween fhe two mefhods may be 
fhaf we were using fhe UV J criferion in fhe limifs of fhe redshiff range in which if has so far 
been esfablished. As fhe redshiff approaches 2, fhe quiescenf population moves fo bluer U — V 
colors, possibly crossing fhe boundaries of Equafion ( |9.3| . However, we preferred fhe UV J 
selecfion fechnique in confrasf fo a cuf in sSER, because resf-frame colors are more robusfly 
defermined fhan sfar formafion rafes from SED fifs. 


9.2.1 X-RAY DATA AND STACKING ANALYSIS 

The raw X-ray dafa from fhe CDE-S survey consisf of 54 individual observations faken be¬ 
fween 1999 October and 2010 July. We build our analysis on fhe work of Xue ef al. ( |2011 1 , who 
combined fhe observations and reprojecfed all images. They did so in observed full band (0.5- 
8keV), soff band (0.5-2 keV) and hard band (2-8 keV), and fhe resulfing images and exposure 
maps are publicly available]^ 

We exfracfed source and background counf rafes in fhe X-ray maps for all galaxies using fhe 
mefhod of Cowie ef al. ( 2012) . Source counfs were defermined wifhin a circular aperfure of 
fixed radii: 0".75 and 1".25 af off-axis angles of 0 < 3' and 9 > 3' respectively Background 
counfs were esfimafed wifhin an annulus 8"-22" from fhe source, excluding nearby X-ray 
sources from fhe cafalog of Xue ef al. ( 2011| |. 

Each galaxy was classified as 'X-ray defected' if defecfed in af leasf one band af > 3cr sig¬ 
nificance, fhereby creafing 4 subsamples confaining 8 quiescenf and defecfed, 19 quiescenf and 
undefecfed, 43 sfar-forming and defecfed, and 53 sfar-forming and undefecfed galaxies. 

While fhe X-ray defecfed galaxies could be analyzed individually, we slacked fhe X-ray 
non-defecfed galaxies in order fo consfrain fhe f 5 q)ical X-ray flux from fhese. Slacked X-ray 
images of fhe 4 subsamples are shown in Eigure [9d] wifh all galaxies aligned fo fheir Kg band 
galaxy confer positions from EIREWORKS. Represenfafive counf rafes and associated errors 


for fhese slacks were calculafed using fhe optimally weighted mean procedure of Cowie ef al. 


-http://WWW.strw.leidenuniv.nl/~ent/InterRest 

^http://www2.astro.psu.edu/users/niel/cdfs/cdfs-chandra.html 
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Figure 9.1 Stacked, background-subtracted and exposure-corrected 20" x 20" images in the three energy bands 
(columns) for the individually non-detected (top row) and detected (bottom row) quiescent and star-forming galaxies. 
Images of the non-detections have been smoothed with a Gaussian of width 2 pixels. 


( |2012 l and tabulated in Table [9d| together with S/N values. 



Counf Rafe ±lcr (10 

®s ^) in 


Full Band 

Soff Band 

Hard Band 

Q 

0.71 ±0.96 

2.01 ±0.41 

-1.67 ±0.86 


(0.7) 

(4.9) 

(-1.9) 

SF 

2.51 ±0.55 

1.08 ±0.24 

1.29 ±0.49 


(4.5) 

(4.5) 

(2.7) 


Table 9.1 Stacking results for Quiescent (Q) and Star-forming (SF) galaxies nof defecfed indi¬ 
vidually in X-Rays (in Parenfheses fhe corresponding S/N) 


The reliabilify of our chosen mefhod for X-ray sfacking and source counf exfracfion was 
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tested with Monte Carlo (MC) simulations. With 500 MC simulations of 53 (corresponding to 
the number of sfar-forming galaxies nof defecfed in X-rays) randomly selecfed posifions having 
no X-ray defections nearby, we obfained a hisfogram of sfacked S/N values fhaf is well tiffed by 
a normal disfribufion wifh a confer at —0.02 ± 0.8, that is, consistent with no detection. Similar 
results were obtained using a sample size of 19, fhe number of quiescenf non-defecfions. 


ho.5-8keV 

(ergs-1) 

HR 

Glassification 

> 3x10^=^ 

< -0.2 

Unobscured AGNs (Nh < 10^^ cm~^) 

> 3x10^2 

> —0.2 and < 0.8 

Moderately obscured AGNs (10^^ < < 

10^^ cm-2) 

> 3x10^2 

> 0.8 

Compton-thick AGNs (Nh > 10^"^ cm“^) 

< 3x10^2 

< -0.2 

Star-forming galaxy 

< 3x10^2 

> -0.2 

Low-luminosify obscured AGNs or sfar- 
forming galaxy 


Table 9.2 Classification scheme used in fhis work, wifh limifs from Szokoly ef al. ( 2004| , Wang 
ef al. ( 2004} , and Treisfer ef al. ( 2009) 


We quantified fhe hardness of fhe X-ray specfra using fhe hardness ratio (see eq. |8.2) . As¬ 
suming a power-law spectrum, we also derived a photon index, T, with the online mission 
count rate simulator WebPIMM^using a Galactic H1 column density of 8.8 x 10^® cm“^ (Sfark 


ef al. 1992) and nof including infrinsic absorpfion. Whenever fhe S/N in eifher soff or hard 


band was below 2, we used fhe corresponding 2cr upper limif on fhe counf rafe fo calculafe a 
limif on bofh HR and T, leading fo a limit on the luminosity as well. When neither a hard- nor 
a soft-band flux was defecfed wifh an S/N above 2, a f 5 q)ical fainf source value of T = 1.4 (|Xue 


ef al. 2011) was assumed, corresponding fo HR~ —0.3 for an infrinsic powerlaw specfrum of 


r = 1.9 ( [Wang ef~ar 2004) . 

We derived fhe unabsorbed flux from fhe counf rafe by again using fhe WebPIMMS fool, 
now with the P tied to the observed value of eifher fhe individually defecfed galaxy or fhe sfack 
in quesfion. Wifh fhis mefhod, a counf rafe of ^ 10“® counfs s“^ corresponds fo a flux of nearly 
10“^® ergcm“^ s“^ in full band at a typical value of P = 0.8. Finally, fhe flux was converfed 
info luminosify in fhe desired resf-frame bands using XSPEC version 12.0.7 (|Arnaud| 1996). 


9.2.2 Luminous AGN Identification 


In fhe fop panel of Figure [9^ are shown fhe resf-frame X-ray full band luminosities, Co.s-skeV/ 
nof correcfed for infrinsic absorpfion, versus observed hardness ratio, HR, for all X-ray defecfed 
galaxies as well as sfacked non-defecfions. A f 5 rpical defection limif on Co.s-skev has been indi- 
cafed with a dotted line in Figure |9.2} calculated as two times the background noise averaged 
over all source positions. A few defecfed galaxies were found below fhis limif due fo fhese re¬ 
siding af relafively low z and/or in regions of lower-fhan-average background. Galaxies wifh 
ho. 5 - 8 kev > 3 X lO'^^ergs”^ were selecfed as luminous AGN, since sfar-forming galaxies are 


rarely found af fhese luminosifies ( [Bauer ef al. 2004 1 . In addition, we adopfed fhe HR criferia 
in Table [9^ in order fo idenfify obscured and unobscured AGNs. 

Abouf 53%(27/51) of fhe X-ray defecfed galaxies were identified as luminous AGNs, wifh 
22 moderafely fo heavily obscured (—0.2 < HR < 0.8) and 5 unobscured (HR< —0.2) AGNs. 


“http://heasarc.nasa.gov/Tools/wSpimms.html 
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The rest had X-ray emission consistent with either low-luminosity AGNs or star formation. We 
did not identify any Compfon-fhick AGNs direcfly, buf fhree galaxies had lower limifs on fheir 
hardness ratios jusf below HR = 0.8, fhus pofenfially consisfenf wifh Compfon-fhick emission 
(see Table [ 9 !^ . In fofal, we defecfed a luminous AGN fraction of 22% ± 5%(27/123), a fraction 
which is 23% ± 5%(22/96) for fhe sfar-forming and 19% ± 9%(5/27) for fhe quiescenf galaxies. 

Slacking fhe non-defecfions resulfed in average X-ray source properfies fhaf exclude high 
luminosify AGNs. However, fhe inferred limifs on fheir HR were consisfenf wifh a confribufion 
from low-luminosify AGNs, fhe imporfance of which cannof be defermined from fhis plof 
alone. 


9.2.3 X-RAY Inferred SFR 


From fhe resf-frame hard band luminosify, T2-10 kev h is possible fo derive estimafes of fhe SFR, 
as fhe number of high-mass X-ray binaries (HMXBs) is proportional fo fhe SFR ([Ranalli ef al. 


2003| |. Kurcz 5 mski ef al. ( 2012) made a comparison of differenf SFR indicators, by applying fhree 
differenf Lj; —>SFR conversions fo 510 sfar-forming BzK galaxies af 1.2 < z < 3.2, selecfed as 
having T 2 -iokev < 10^^ ergs“^. While relations by Persic ef al. (2004 1 and Lehmer ef al. ( 2010| 
overestimated fhe frue SFR (from resf-frame UV and IR lighf) by a facfor of ^ 5, fhe relation 
by Ranalli ef al. ( |2003| provided a good agreemenf af 1.5 < z < 3.2. Buf, as pointed ouf by 
Kurcz 5 mski ef al. ( |2012[ |, all relations mighf lead fo an overesfimafion due fo confaminafion by 
obscured AGNs in fhe sample of SF galaxies. As we did nof know fhe exacf amounf of obscured 
AGN confaminafion in fhe sfacks, we chose fo use fhe following relation by Ranalli ef al. ( 2003| 
as a conservative estimate of fhe SFR: 


SFRa-iokev = 2.0 x 10"^° L; 


2-10 keV 


(9.4) 


wifh SFR measured in Mq yr ^ and T2-10 kev in erg s ^. Anofher reason for nof using fhe more 


recenf relafion by Lehmer ef al. ( |2010| is fhaf fhis relafion was consfrucfed for galaxies wifh SFR 
> 9 Mq yr“^ only, whereas a large parf of our sample had very low SFRs as inferred from SED 
tiffing (< 1 Mq yr“^). Following Kurczynski ef al. (2012 1 , we used fhe observed soff band flux 


fo probe fhe resf-frame hard band luminosify. The uncerfainfy on fhe SFR is esfimafed from 
fhe error on fhe observed soff-band flux fogefher wifh a sysfemafic error in fhe relafion ifself of 
0.29 dex, as given by Ranalli ef al. ( 2003| . 

For comparison, fhe True' SFR is inferred from resf-frame UV and IR lighf, SFRuv+ir/ fol¬ 
lowing fhe mefhod of Papovich ef al. (|2006|: 


SFRuv+ir — 1-8 X 10 ^°(Tir -I- 3 . 3 L 2800 )/ Lq 


(9.5) 


where Lm is fhe fofal infrared luminosify and L 2800 is the monochromatic luminosity at rest- 
frame 2800 A. L 2800 comes from fhe resf-frame UV flux, / 2800 A' i^ i^i® confexf, fhe errors 
on / 2800 A negligible. We derived Lir from fhe observed 24 pm flux, / 24 ,im/ using redshiff- 
dependenf mulfiplicafive facfors, a{z), from fhe work of Wuyfs ef al. ( 2008) , Section 8.2 in fhaf 
paper): 


TlR[T0,8-lOOOAim] = 10“^^^ • /24, 




(9.6) 


The errorbars on Lir derive from fhe errors on f 24 fj,m and we furfher assume an uncerfainfy 
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X-roy (2-10keV) inferred SFR [Mq /yr] 


Figure 9.2 Top: To.s-skevvs. HR for all galaxies. Red: quiescent galaxies. Blue: star-forming galaxies. Squares: 
stacks of non-detected samples. Filled circles: luminous AGNs (selected with the X-ray criteria indicated by a shaded 
area). Open circles: galaxies dominated by low-luminosity AGNs or star formation processes alone (selected with 
X-ray criteria indicated by a hatched area). Dashed line: separating obscured (Ah > 10^^ cm“^) from unobscured 
AGNs. Dotted line: typical detection limit. Errorbars display 2cr errors and limits are indicated with arrows. Bottom: 
SFRuv+ir vs. SFR 2 _iokeV (see the text). Dashed line: equality. Typical errors on X-ray detected galaxies are shown in 
the lower right corner. Symbols are as above. 
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of 0.3 dex in the relation of Papovich et al. ( 2006| as found by Bell (20031 when comparing to 
Ha- and radio-derived SFRs. The X-ray undetected quiescent galaxies were not detected with 
S/N > 3 in 24 pm either (except in one case) leading to a mean flux of 1.2 ± 1.7pjy, of which we 
adopted a 2a upper limit for the remaining analysis. 

In the bottom panel of Figure [93[ SFR 2 _iokev is compared to SFRuv+ir with the dashed line 
indicating equality. It is no surprise that nearly all of the individual X-ray detections have very 
high SFR2_io kev as compared to SFRuv+ir/ as we were largely insensitive to individual purely 
star-forming galaxies, given the detection limits in the top panel of Figure |9.2| and the criteria 
in Table 112] 

For the star-forming stack, the X-ray inferred SFR of 71 ± 51Mq yr“^ is consistent with the 
IR+UV inferred SFR of 46 ± 33M0 yr“^, whereas the quiescent stack shows an SFR 2 _iokev of 
92 ± 65Mq yr“^ (89 ± 17Mq yr~^ when bootstrapping this sample 200 times), well exceeding 
SFRuv+ir < 3 MQyr“T 


9.3 An overwhelmingly large AGN population 
9.3.1 Luminous AGN Lraction 


In total, 22 X-ray detected galaxies have emission consistent with containing a luminous (rest- 
frame To. 5 - 8 kev > 3 X 10^^ ergs“^) and obscured (10^^ < iVn < 10^"^ cm~^) AGN, and a further 


five have emission consistent with a luminous unobscured (Ah < 10^^ cm“^) AGN. This leads 
to a luminous AGN fraction of the full sample of 22%pm5%(27/123) and of the detected galax¬ 
ies only, 53%± 13%(27/51). The AGN fraction among both quiescent and star-forming galaxies, 
according to their X-ray spectra, is measured to be around 20% as Table 9.3 shows, meaning 
that AGNs in massive z ^ 2 galaxies, even quiescent ones, are common, as proposed by Kriek 
et al. ( 2009) who studied the near-IR spectrum of one quiescent galaxy. 



Quiescent (27) 

Star-forming (96) 

Luminous AGNs 

5 

22 

Low-luminosity AGNs 

2 (det) 

12-19 (non-det) 

19 (det) 

0-21 (non-det) 

Luminous AGN fraction 

19% ± 9% 

23% ± 5% 

Total AGN fraction 

70%-100% 

43%-65% 


Table 9.3 X-Ray derived AGN Numbers and Fractions for Quiescent and Star-forming Galaxies, 
Divided into Luminous AGNs and Detected and Non-detected Low-luminosity AGNs 


This luminous AGN fraction is high when compared to the 5% found by Rubin et al. (2004 
(see the introduction), but this is likely a consequence of their 4cr detection limit of 1.2 x 
10"^^ erg s“^ in rest-frame 2-10 keV being about twice as high as our limit of 5.5 x 10^^ erg s“^ (at 
r = 1.4), as calculated from the average background noise in the observed soft band. Adopting 
the detection limit of Rubin et al.|(|2004) and requiring an S/N of at least 4, we reduce our frac¬ 
tion of luminous AGN to 8% ± 3%(10/123), consistent with the results of Rubin et al. ( 2004) . 
Alexander et al. (|2011), using also the 4 Ms CDF-S data, found a much lower X-ray detection 


fraction of 21% ± 3% as compared to ours (53% ± 7%), and a luminous AGN fraction of only 
9% ± 2%(20/222). We believe that the discrepancies have several reasons, the main ones being: 


(1) our use of a mass-complete sample, whereas the BzK selection technique used by Alexan¬ 
der et al. (2011 1 includes galaxies down to M* ~ 10^^Mq for which the total AGN fraction. 
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assuming a fixed Eddington ratio, is expected to be lower above our detection limitj^ (2) our 
updated source count extraction and stacking method leading to higher S/N, and (3) the use 
of r instead of HR in the AGN identification conducted by Alexander et al.| (2011 1 . For com¬ 
parison, Tanaka et al. ( |2012) recently discovered a group of quiescent galaxies at z = 1.6 with 
only one main-sequence star-forming galaxy. This group differed from local groups in having a 
remarkably high AGN fraction of 38^20^/ consistent with our result, and which they interpret 
as possible evidence for AGN activity quenching star formation. 


9.3.2 Importance of Low-luminosity AGNs 

As seen in Figure |9.2} the X-ray-identified luminous AGNs in general show an excess in SFR 
compared to that inferred from IR+UV emission. Among the galaxies classified as being dom¬ 
inated by either low-luminosity AGN or star formation, about ~ 90%(21/24) have SFR 2 _iokev 
more than Icr above SFRuv+ir. 

Surprisingly, the quiescent stack also has a much larger SFR 2 -iokev than SFRir+uv- Even 
when removing the marginally undetected galaxies with 2 <S/N< 3, the resulting SFR 2-10 kev = 
62 ± 19Mq yr”^ is still more than 3a above SFRir+uv- This discrepancy is only further aggra¬ 
vated if instead assuming the SFR—Lx relation of Lehmer et al. ( 2010[ |. If caused by obscured 
star formation, we would have expected an average 24 pm flux of 90 pjy for the individual 
galaxies, in order to match the lower limit on SFR 2 -iokev- This is far above the upper limit of 
3.4 pjy for the stack, suggesting that the X-ray flux of this stack is instead dominated by low- 
luminosity AGNs, but that their contribution to the 24 pm flux remains undetectable in the 
Spitzer-MIPS data. 

We derived a lower limit on the low-luminosity AGN contribution for this stack of 19 objects 
by constructing a mock sample of the same size and with the same redshifts, but containing N 
low-luminosity AGNs with luminosities Lo.s-gkev = 10"^^ ergs“^ just below the detection limit 
and 19 — N galaxies with Lo.s-gkev = 10^^ergs“^ (all of them with T = 1.4). From random 
realizations of this mock sample we found that at least N = 12 low-luminosity AGNs are re¬ 
quired to match the observed rest-frame 2-10 keV luminosity of the stack. Similarly, we found 
that by removing at least 12 randomly selected galaxies it is possible to match the low SFR pre¬ 
dicted by IR+UV emission, though only with a small probability (~ 1% of 200 bootstrappings). 
We therefore adopted 63%(= 12/19) as a conservative lower limit on the low-luminosity AGN 
fraction among quiescent X-ray non-detections, but we note that the data were consistent with 
all the quiescent galaxies hosting low-luminosity AGNs if the luminosity of these was assumed 
to be only Lo, 5 _ 8 kev = 7 x 10'^^ ergs“^. 

Interestingly, the quiescent stack was only detected in the soft band, cf. Table 9.1 whereas 
one might expect a significant contribution to the hard band flux from a low-luminosity AGN 
population as the one proposed above. The lack of a hard band detection can be explained by 
the fact that the sensitivity of the GDF-S observations drops about a factor of six from the soft 
to the hard band ( |Xue et ak 2011[ |, meaning that the low-luminosity AGN population must 
be relatively unobscured (T > 1, consistent with the value of 1.4 assumed here), as it would 
otherwise have been detected in the hard band with an S/N > 2. 

The SFR 2-10 kev of the star-forming stack was consistent with its SFRuv+ir, meaning that a 
strict lower limit to the low-luminosity AGN fraction here, is zero. However, performing the 

^For a fixed Eddington ratio, and assuming that galaxy bulge mass increases with total stellar mass, the AGN X-ray 
luminosity is expected to scale with galaxy stellar mass according to the relation jHaring & Rix 2004| 
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test above with the same model parameters, a maximum of 40%(21 /53) low-luminosity AGNs 
is possible, before fhe X-ray inferred SFR exceeds fhe upper limif on SFRuv+ir- 

If should be mentioned that the 24 pm flux, especially af fhese high redshiffs, is an uncer- 
fain esfimafor of fhe fofal resf-frame infrared luminosify, i.e., fhe enfire dusf peak, used in fhe 
conversion fo SFR. As shown by |Bell|(2003| , one should ideally use fhe enfire 8-1000 pm range, 
e.g., by faking advanfage of Herschel dafa, which can lead fo sysfemafic downward correction 
factors up fo ~ 2.5 for galaxies wifh Ljr « 10^^Lq (similar fo fhe inferred IR luminosifies of 
our sample galaxies defected in 24 pm, showing a median of Ljr = 10^^ as demonsfrafed 
by Elbaz ef ^ ( 2010| . However, using fhe same conversion from f 2 i^m to L\r as the one imple¬ 
mented in this study, Wuyts et al. ( |2011| | showed that the resulting Lir for galaxies ouf fo z ~ 3 
are consisfenf wifh fhose derived from FACS phofomefry wifh a scaffer of 0.25 dex. Hence, we 
do nof expecf fhe inclusion of Herschel phofomefry in fhe fhis sfudy fo significanfly impacf any 
of our resulfs, and we leave any such analysis for fufure work. 

Table |9.3| gives an overview of fhe derived AGN fractions, bofh af high and low X-ray lumi¬ 
nosify. Adding fhe numbers of luminous AGN, X-ray-defecfed low-luminosify AGNs as well 
as fhe estimated lower limit on the low-luminosity AGN fraction among non-detections, we 
arrive at a lower limit on the total AGN fraction of 


^ ^ 27 + 21 + 0.6-19 + 0-53 ^ 

/AGN > -^3- = 0.48 


( 9 . 7 ) 


for all massive galaxies af z ^ 2. While for fhe sfar-forming galaxies fhis fracfion lies in fhe 
range from 43%-65%, if musf be 70%, and pofenfially 100%, for fhe quiescent galaxies. Using 
the upper limits on these numbers, a tentative upper limit on the total AGN fraction is 0.72. 


9.3.3 Contribution from Hot Gas Halos 

We have so far considered sfar formation and AGN acfivify as causes of fhe X-ray emission 
observed, buf a third possibility is an extended hot gas halo as seen around many nearby early- 
type galaxies in the same mass-range as our sample galaxies ( [Mulchaey & Jeltema} |2010) and 
predicted/observed around similar spirals ( |Toft et ^ 2002 Rasmussen et al. 2009 [Anderson 
& Bregman 2011{[Dai et al. 2012) . AGN X-ray emission is expected to come from a very small, 
i? < 1 pc, accretion disk surrounding fhe cenfral black hole of fhe hosf galaxy ([Lobanov & Zen- 


sus 


2007 1 , whereas very extended sfar formation in the galaxy or a hot gas halo surrounding it 


would lead to more extended emission. We investigated the possibilities for fhese latter cases 
by comparing radial surface brighfness profiles of fhe 51 individually X-ray defected galaxies 
ouf fo a radius of 8" in bofh fhe sfacked observed image and a correspondingly slacked PSF 
image. 

The profiles were calculated in full band only, because of fhe high S/N here as compared fo 
fhe ofher bands (cf. Figure [9T) . For each galaxy, we exfracted fhe background subfracfed source 
counf per pixel wifhin 10 concenfric rings of widfh 0".8 around fhe galaxy center positions from 
the FIREWORKS catalog, and each profile was normalized fo fhe mean count rate in all rings. 
The same procedure was applied to the corresponding PSE images, extracted with the library 
and tools that come with CIAOQ allowing for exfracfion af fhe exacf source positions on fhe 
defector. We verified fhe robusfness of using PSE models from fhe GIAO calibration dafabase 


'http://cxc.cfa.harvard.edu/ciao4.3/ahelp/mkpsf.html 
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Figure 9.3 Comparison of the radial surface brightness profiles in PSF images vs. observed images in full band for 
all detected galaxies. Black: stacked observed image centered on iC-band positions from FIREWORKS for all detected 
galaxies (solid line) and if excluding the three X-ray brightest sources (dashed line). Grey line: stacked PSF image. 
Red: stack of halo model images, with 0 = 0.5, Rc = 2.5 kpc (dashed) and 0 = 1, Rc = I kpc (dot-dashed). 


for this purpose, by repeating the above procedure for 51 known X-ray bright point-like sources 
from the catalog of Xue et al. ( 2011| , and confirming that the resulting mean profile was fully 
consistent with that of the corresponding model PSFs. 

As can be observed in Figure [93} the combined radial profile of our X-ray detected galaxies 
in the full band is consistent with the PSF of point sources stacked at the same detector loca¬ 
tions. A Kolmogorov-Smimov (K-S) test yields a statistic of 0.2 and a probability of 99.96% that 
the two profiles are drawn from the same parent sample. 

Omitting the three sources with ho.s-skev > lO^'^ergs”^ (cf. Figure 9.2 1 leads to a more 
extended profile (dashed black line in Figure [9^ , but the result still shows a high correspond¬ 
ing K-S probability of 70%. We also compared the profiles while recentering the images on the 
center of the X-ray emission as derived using WAVDETEClj^ instead of the A-band center po¬ 
sitions listed in the EIREWORKS catalog, in order to test for the impact of any off-set between 
the X-ray and optical centroids. However, the recentering only resulted in small variations 
within the errorbars on the original profile. The same conclusions applied to the subsample of 
X-ray detected star-forming galaxies only, whereas the S/N was too low to perform a similar 
study on the quiescent. X-ray detected sample alone. 

Eor comparison, we also simulated the stacked profile of extended hot gas halos, using 


for the surface brightness profile the /?-model first introduced by Cavaliere & Eusco-Eemiano 
( [1976} . With default parameters of /3 = 0.5 and core radius Rc = 2.5 kpc, both taken from 
the study of z < 0.05 early-t 5 q)e galaxies by O'Sullivan et al. ( [2003 1 , the stacked profile of the 
halos, convolved with the corresponding PSEs, is well outside the errorbars of the measured 
profile. Only if assuming an extremely compact case of /3 = 1 and Rc — 1 kpc, does the halo 


®WAVDETECT is part of the CIAO software. 
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emission become sufficiently compact to mimic that of the PSF profile (see dash-dotted line 
in Figure [ 93 ) , but the halo model then overpredicts the observed surface brightness on scales 
smaller than 1". In conclusion, a hot gas halo alone, described by a /3-model, cannot explain the 
emission, unless one chooses model parameters that render the profile indistinguishable from 
a point-like source. 


9.3.4 Quenching of Star Formation by AGNs? 


It remains debated whether the presence of AGN is cormected with internal galaxy properties 
associated with secular evolution or, to a higher degree, with external processes (|Darg et al. 


2010[ |. For example, the cosmic star formation rate density and the number density of AGN 
share a common growth history with a peak in activity around 2 ; ~ 2-3 ([Treister & Urry 2012 


Dunlop 2011) , hinting at a co-evolution between SFR and supermassive black hole (SMBH) 
accretion ( [Schawinski 2011) . We investigated the correlation, if any, between the presence 
of AGNs and internal/external processes, treating luminous and low-luminosity AGNs sepa¬ 
rately. As typical internal properties governing secular evolution we focused on stellar mass, 
M*, and SFR ( |Peng et al. |2010) , while major mergers were taken as a likely case of external 
processes and as a phenomenon often associated with luminous AGNs ( [Treister et al.| 2012) . 

Starting with our X-ray identified luminous AGNs, we found that the fraction of these does 
not correlate with star formation in our sample (cf. Table [93) . In addition, the distribution 
of luminous AGNs and that of the rest with regards to their SFRir+uv are similar, with a K-S 
test yielding a statistic of 0.21 with a probability of 59%. Similarly, [Harrison et al. ( |2012) found 
no correlation between AGN luminosity and quenching of star formation, albeit at a higher 
luminosity (1^2-8kev > lO'^'^ergs”^) than probed here. Dividing the sample according to M* 
instead, by constructing two bins around the median mass of 1.1 x 10^^ Mq, we arrived at 
similar luminous AGN fractions above and below this mass limit, namely 21% ± 7% (13/61) 
and 23% ± 7%(14/62), respectively. We thus find no clear evidence for the luminous AGN 
fraction of our sample to correlate with internal properties, suggesting that an external factor 
is of larger importance. 

An alternative is that luminous AGNs are primarily triggered by non-secular processes 
such as major mergers. Treister et al. ( 2012) found that major mergers are the only processes 
capable of triggering luminous (Lboi ^ lO'^^ergs”^) AGN at 0 < z < 3. Our luminous AGN 
fraction is consistent with the major merger fraction of massive (M* > lO^^M©) galaxies at 
1.7 < z < 3 found by Man et al. ( 2012) to be 15% ± 8% (compared to a luminous AGN fraction 
of 11 ± 3%(13/123) when excluding galaxies with M* < This is consistent with the 

idea that our luminous AGNs are triggered by major mergers, but a more direct test of this 
scenario would be to search for major mergers using the imaging data available in CDF-S. In¬ 
deed, Newman et al. ( 2012) used HST CANDELS imaging in the GOODS-South field residing 
within CDF-S (along with the UKIRT Ultra Deep Survey) to arrive at roughly equal pair frac¬ 
tions when comparing massive (M* > lO^^'^M©) quiescent to massive star-forming galaxies at 
0.4 < z < 2. Again, this is in agreement with our result that the luminous AGN fraction does 
not vary between quiescent and star-forming galaxies. A detailed morphological study of our 
X-ray identified luminous AGN using the HST /WFC3 data to search for evidence of merging 
is an interesting extension to the work presented here, which we leave for a future study. 

Turning toward our low-luminosity AGNs, we do see X-ray evidence for an enhanced pop¬ 
ulation among the quiescent galaxies when compared to their star-forming equivalents. The 
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mean masses of our non-detected samples of quiescenf and sfar-forming galaxies are similar 
(14.6 ± 1.6 and 12.7 ± 1.0 x 10^° Mq respectively), suggesting fhaf fhe relevanf factor here is 
SFR. Af 0.01 < z < 0.07, Schawinski ef al. ( 2009) found fhaf massive (M* > 10^° Mq) hosf 
galaxies of low-luminosify AGNs all lie in fhe green valley, fhaf is, af some infermediafe sfafe 
after sfar formafion quenching has faken place and before fhe SED is fruly dominafed by old 
sfellar populations. The observation fhaf fhese hosf galaxies had been quiescenf for ~ 100 Myr, 
ruled ouf fhe possibilify fhaf one shorf-lived, luminous AGN suppressed sfar formafion and, 
af fhe same fime, made if unlikely fhaf fhe same AGN quenching sfar formafion was still ac¬ 
tive, given current AGN lifetime estimates of ~ 10^-10® yr (Di Maffeo ef al. 2005) . Rafher, fhe 
aufhors favored a scenario in which a low-luminosify AGN already shuf down sfar formafion, 
followed by a rise in luminosify, making fhe AGN defecfable. Af z ~ 2, SED fifs of massive 
(M* > 10 ^^Mq) quiescent galaxies show fhat fhe quenching f 5 rpically took place ^ 1 Gyr before 
fhe fime of observation ( [Toff ef ak 2012 Krogager, J.-K. ef al., in preparation), demanding an 
even longer delay or an episodic AGN acfivify as frequenfly applied in models ([Croton ef al. 


2006). Episodic AGN acfivify could explain why we see evidence for a higher low-luminosify 


AGN fracfion among quiescenf as compared fo sfar-forming galaxies, buf if would also require 
the low-luminosity AGN phase in quiescent galaxies to last at least as long as the dormant 
phase. Euture modeling and observations will show whether this is in fact possible. 

We conclude that our data are consistent with a scenario in which luminous AGNs in mas¬ 
sive galaxies at z ^ 2 are connected with major mergers or other non-secular processes, while 
the presence of low-luminosify AGNs in fhe majorify of quiescenf galaxies suggesfs fhaf fhese 
AGNs present an important mechanism for quenching sfar formafion and keeping it at a low 
level. Ultimately what happens at z ^ 2 has to agree with the subsequent evolution that 
changes size and morphology of quiescenf galaxies (jBarro ef al. 2013). 


9.4 Conclusions 

Our main conclusions are on fhe following two fopics: 

1. Luminous AGN fraction 

We find a luminous AGN fracfion of 22%±5% among massive (M* > 5 x IO^^Mq) galaxies 
af redshiffs 1.5 < z < 2.5, using fheir X-ray properties exfracfed from fhe 4 Ms Ghandra 
Deep Eield Soufh observafions. Among fhe X-ray defected galaxies, 53% ± 13% harbor 
high-luminosify AGNs, while slacking fhe galaxies nof defecfed in X-ray, leads fo mean 
defections consisfenf wifh low-luminosify AGNs or pure sfar formafion processes. The 
luminous AGN fracfion among quiescent and star-forming galaxies is similar (19% ± 9% 
and 23% ± 5%, respectively) and does nof depend on galaxy M*. 

We confirmed fhaf extended X-ray emission from a hof gaseous halo is nof a viable ex¬ 
planation for fhe observed X-ray emission of fhe X-ray defecfed galaxies. 

2. Limits on total AGN fraction 

We converf fhe resf-frame hard band X-ray luminosify info an upper limif on fhe sfar 
formafion rafe, SER 2 _iokev arid compare fo fhaf derived from fhe resf-frame IR+UV emis¬ 
sion, SERir+uv- All luminous AGNs show an excess in SER 2 -iokev as expected, and so 
does a large fracfion (~ 90%) of fhe remaining defecfed galaxies. While fhe sfar-forming 
galaxies nof defecfed in X-ray have a mean X-ray inferred SER of 71 ± 51 Mq yr“^, consis¬ 
fenf wifh fheir SERir+uv/ the stack of quiescent galaxies shows an excess in SER 2 _io kev of 
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a factor >10 above the upper limit on SFRir+uv- For these galaxies, we find that a mini¬ 
mum fraction of ~ 60% must contain low-luminosity (ho. 5 - 8 kev ~ 10^^ ergs“^) AGNs if 
the SFR estimates from X-ray are to be explained, and that low-luminosity AGNs might 
be present in all of them. On the other hand, for the star-forming stack, we derive a low- 
luminosity AGN fraction of 0-40%. 

Gathering all low- and high-luminosity AGNs, we derive a lower limit to the total AGN 
fraction of 48%, with a tentative upper limit of 72%. 

Our study was the first to present observational evidence that, at z ~ 2, the majority of qui¬ 
escent galaxies host a low- to a high-luminosity AGN, while the AGN fraction is significantly 
lower in star-forming galaxies. These findings are consistent with an evolutionary scenario in 
which low-luminosity AGN quench star formation via the energetic output from SMBH accre¬ 
tion, which, if believed to continue in an episodic fashion as often invoked by models, would 
need to have 'dormant' phases at least as long as 'active' phases. 

We find that the high-luminosity AGNs are likely related to non-secular processes such as 
major mergers. In the future, examining the X-ray properties of galaxies in a larger sample, 
cross-correlated with signs of major mergers, may shed further light on the co-evolution of 
AGNs and host galaxy. 
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10 


Outlook 


Since we published these results in 2013, many additional observational studies have been 
carried out with the aim of shedding light on AGN-galaxy co-evolution at z ^ 2. A short 
summary is provided here together with future directions in this field. 


10.1 The AGN-morphology connection 

Firsf of all, we found no clear evidence for a correlation befween fhe presence of a luminous 
AGN and fhe infernal properties of massive galaxies af z ^ 2. This was interprefed as an 
argumenf for fhe need of exfernal facfors friggering fhe luminous AGN phase rafher fhan 
evenfs associafed wifh secular evolution. However, we only considered sfellar mass and SFR, 
whereas more recenf observafions have esfablished a clear correlation between the presence 
(and strength) of AGN and fhe morphology of ifs hosf galaxy. 

In fhis regard, Barro ef al. (2013 1 analysed fhe morphologies and SFRs of M* > 10^° Mq 


galaxies af z = 1.4 — 3 in fhe GOODS-S and GANDELS UDS fields, for comparison wifh AGN 
acfivify as a function of redshiff. Barro ef al. ( |2013| found a populafion of compacf sfar-forming 
galaxies (cSFGs; defined as having log (M*/rg-^) below 10.3 Mq kpc“^ af z = 2.6 — 3.0 fhaf 
dissappears before fhe compacf quiescent galaxies (GQGs) of similar sfrucfural properties ap¬ 
pear at lower redshifts. At the same time, the AGN fraction among cSFGs is higher at z > 2 
than at lower redshifts and X-ray luminous (T 2-8 kev > 10^^ ergs AGNs are found ~ 30 % 
more frequenfly in cSFGs fhan in non-compacf ones af z > 2. This was inferprefed as a sign 
fhaf af leasf some cSFGs evolve direcfly info fhe GQGs observed af z ~ 2 via fhe evolufionary 
pafh described in Secfion 2.1.5} whereas non-compacf quiescenf galaxies, formed lafer on, are 
fhe resulf of normal SFGs fhaf are quenched by ofher mechanisms which partially preserve fhe 
sfrucfural properties. 

Deriving fhe fofal IR luminosify direcfly from fhe 24 pm flux only, is a rough approximation 
fhaf could possibly affecf our resulfs and fhose of Barro ef al. ( |2013| , as fhe possible confribu- 
tion from an AGN fo fhe FIR luminosify can lead fo overesfimafes of fhe SFR. Mancini ef al. 
( |2015| did a more careful esfimafe of Lir wifh (Spitzer+Herschel) phofomefry from 24 pm fo 
250 pm of 56 M* > 10^^ Mq galaxies at 1.4 < z < 2 in the GOODS-S field, for a beffer es¬ 
fimafe of SFRir_|_uv- Defining AGN as fhose wifh excess X-ray and/or radio (VLA 1.4GHz) 
luminosify wifh respecf fo fhe expecfed SFRir+uv or SFRsed/ and classifying galaxies as sfar- 
forming/ quiescenf based on sSFR as well as UV J color, fhe aufhors found relatively high AGN 
fracfions of ~ 40 ± 10 % and ^ 22 ± 7 % for sfar-forming and quiescenf galaxies, respectively 
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(though fractions very close to ours when adopting the same criteria). In agreement with Barro 
et al. ( |2013| l, Mancini et al. ( |2015| also found fhaf fhe presence of an AGN correlafes wifh com- 
pacfness as probed by a sfeep radial surface brighfness profile in resf-frame optical. Over a 
wider redshiff range, 1.4 < z < 3 buf wifh a similar mefhod, [Rangel ef al. ( |2014| | concluded fhaf 
compacf galaxies, bofh quiscenf and sfar-forming, display higher infrinsic 2 — 8 keV luminosi¬ 
ties and levels of obscuration fhaf in exfended galaxies. 

These studies show that of out massive galaxies at z ^ 2, compact ones contain the most powerful 
AGN, and that when studying quiescent/star-forming galaxy samples across redshift, observations seem 
to promote a picture in which cSFGs evolve directly into CQGs via a relatively obscured AGN phase, 
albeit of high (absorption-corrected) X-ray luminosity. 


10.2 Direct observations oe AGN eeedback 

Direcf evidence for fhe radiative and quasar mode of AGN feedback is now existing for a 
few, mosfly nearby, objecfs (see review by Fabian 2012| |. For example, in a sfudy of fhe UV 
absorption line profiles of 226 M* > 10^^ Mq galaxies af 1 < z < 3, Cimaffi ef al. (2013 
found possible gas oufflow velocities of up fo ^ 500kms“^, buf only in galaxies classified as 
luminous AGNs (wifh L 2 - 8 keV > ergss“^). This indicafes fhaf fhe gas here is moving 
fasfer fhan fhe escape velocify of active galaxies, resulfing in fhe ejection of parf of fhe ISM 
possible decrease in SFR. Wifh fhe X-ray safellife Nusfar, sensitive fo high energy X-rays of 
3 — 79 keV, if is also possible fo see such oufflows in X-ray absorption and emission lines as 
demonsfrafed by jNardrni ef al.' ( |2015| . Likewise buf af high redshiff, Nesvadba ef al. ( 2011| 
observed evidence for oufflows of furbulenf gas fraced by narrow-line emission in fhe resf- 
frame UV and opfical of fwo quasars af z ~ 3.4 and ~ 3.9. In addition fo observations in 
UV, AGN feedback has been confirmed wifh radio and sub-mm observations, in particular in 


fhe form of sfrong molecular oufflows (e.g. ||Feruglio ef ah 2010 Cicone ef al. 2014 Tombesi 
2015|. Comparing fhe mass oufflow (or inflow) rafes of ionized or molecular gas fo 


ef al. 


fhe accretion rafe fo fhe AGN, hinfs af fhe effecf fhaf fhese mighf have on fhe global SFR, as 
summarized by e.g. Bergmann ( |2012) and Sforchi-Bergmann ( |2014| |. However, more observations 
of both jets and outflows, observationally confirmed in at least some AGNs at redshifts out to almost 
z ~ 4, are needed in order to settle how they affect the ISM of their host galaxies as a whole. 


10.3 Future directions: Discerning variability with 

TIME 

In particular fhe arrival of new oberving facilities, will open up fhis field towards high redshiff 
by sfudying bofh individual cases and global properties of large samples. 

Seeing fhe sfrong connecfion between compacfness and AGN acfivify af high-z, as revealed 
over recenf years, fhis field will benefif fremendously from fhe arrival of JWST, fhaf will en¬ 
able resf-frame opfical imaging ouf fo z ^ 10 wifh 3 times better angular resolution fhan HST 

2012). Thai means being able fo see whefher AGNs are associ- 


af 1.6pm iBeichman ef al. 


afed wifh compacf galaxies all fhe way ouf fo Epoch of Re-ionizafion (EoR). Wifh fhe high 
NIR specfral resolufion of JWST, fhe absence of poly-aromatic hydrocarbon (PAH) emission 
at ^ 6 — 11 pm can also be used to select possibile AGN candidates without the need of X- 
ray observations ( jWindhorsf ef al. 2009 [Hanami ef ‘ak 2011) . The combined forces of JVLA, 
JWST and ALMA will also allow defections of molecular oufflows af high-z by measuring gas 


137 










































































kinematics as traced by molecular and fine structure lines ([Fabian 2012|. 


“normal” galaxy 


11 



Figure 10.1 Illustration of AGN variability from 


BHAR, as a function of time from i 
on the time of observation, the same galaxy i 


Hickox et al. 


2014 who took the Eddington ratio, a measure of 


a hydrodynamic simuiafaon presented byjNovak et al.|j2011} (bottom). Depending 
le galaxy can happen to be in an inactive state or a bright AGN state. 


Fngh 


A potentially very important factor, but not completely revealed in any of fhe above sfud- 
ies, is time variation. As mentioned in Secfion 9.3.4 major mergers af 0 < z < 3 have been 


associafed wifh fhe mosf luminous AGNs (Treisfer ef al. 2012) , whereas moderafe-luminosify 
(Lo. 5 - 8 kev 1042-44 ergss“^) AGNs af z ^ 2 are nof associafed wifh disfurbed morphologies, 
indicafive of recenf mergers, any more fhan non-acfive galaxies are ( jKocevski ef al.| 2012) . This 
said, fhe apparenf lack of merger signafures in AGNs carmof rule ouf a cormecfion between 
AGNs and mergers. Firsf of all, if mergers in fhe inifial phase generally produce obscured 
AGNs, fhen fhese will be harder fo defecf in X-rays, unless one has access fo fhe hard X-rays 
fhaf penefrafe fhe obscuring gas beffer fhan fhe soff ones. One would fhen expecf moder- 
afe AGNs fo be primarily observed in posf-sfarbursf galaxies, in agreemenf wifh our sfacking 
of un-defecfed X-ray sources, fhaf revealed a higher signal from quiescenf galaxies fhan from 
SFGs. Anofher excepfion would be if fhere exisfs a fime delay between fhe merger and fhe 
acfual onsef of fhe luminous AGN phase. Wifh JWST and upcoming X-ray observatories (see 
Secfion [T3) , we can sfarf fo piece fogefher fhe redshiff disfribufion of AGNs and mergers/pairs 
fo look for a possible delay. A second fime-relafed issue, possibly blurring fhe observable re¬ 
lationship between AGNs and their hosts, is variability of the AGN luminosity as shown in 
Fig. |10.l| Models show, that when reasonable variability for the AGN luminosity is assumed, 
the weak correlations between SFR and Lagn can be reproduced, even if there is a tight under¬ 
lying correlation between SFR and BHAR ( [Novak et al. 2012) Hickox et al. 2014) . 

In conclusion, new observatories can explore the presence of AGNs at z > 2, with particu¬ 
lar focus on compactness, jets and in/outflows that are crucial for the overall SFR of the host 


galaxy. We also need to understand the time domain of AGNs in more detail, and as Fig. 10.1 
illustrates, such observations of AGN variability will be aided by a wealth of emerging simu¬ 


lations attempting to model the AGN-host co-evolution (e.g. Vogelsberger et al. 2013 Gabor & 
Bournaud [2014 DeGraf et al. 2014) . 
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Summary 


Piecing together the puzzle of galaxy evolution precise knowledge about the shape of the pieces 
to the puzzle, i.e. the physical conditions of fhe galaxies, nof jusf of fhe sfellar componenf, buf of 
fhe infersfellar medium (ISM) and black hole as well. This fhesis focuses on deriving fhe acfual 
shape of fhose puzzle pieces, wifh parficular focus on characferising fhe ISM as well as fhe gas 
accretion onfo fhe cenfral black hole, in order fo better undersfand fheir effecfs on fhe SFR and 
general evolution of massive galaxies. Wifh fhis aim in mind, fhe following fhree sfudies were 
carried ouf: 


Amount and distribution of molecular gas in the ISM 

A combination of densify and femperafure is fhe main agenf shaping fhe CO specfral line en¬ 
ergy disfribufion (SLED), and observafions fhereof can consequenfly be used fo probe fhe con- 
difions of fhe sfar-forming, molecular gas in fhe ISM. However, defailed modeling is needed in 
order fo inferpref observafions. For fhaf purpose, a new mefhod is consfrucfed and presenfed 
here; SImulafor of GAlaxy Millimefer/submillimefer Emission (sf GAME). The mefhod is com¬ 
bined wifh fhe radiafive fransfer code LIME in order fo simulafe CO line emission, and by 
applying S f GAME fo fhree galaxies from cosmological simulations, fhe following conclusions 
are drawn for simulafed massive galaxies af z ~ 2: 

• The CO SLED resembles fhe low-excifafion one of fhe Milky Way (MW), in fhaf if peaks 
af CO(3 — 2), buf also wifh significanf line infensify af higher fransifions, nof seen in fhe 
MW. 

• Global aco factors range from 1.4 fo 1.6 Mq pc“^ (Kkms“^)“^ or abouf one fhird of fhe 
fypically assumed MW value. 

• Tofal GO(3 — 2) luminosities are wifhin fhe range of corresponding observed samples af 
reshiffs z ^ 1 — 2.5, however on fhe low side, mosf likely due fo relafively low molecular 
gas masses in our model galaxies. 

• Radial profiles of line rafios wifhin each galaxy reveal more excifed gas towards fhe cen- 
fer, in agreemenf wifh observafions of nearby galaxies, and suggesfing ULIRG-like envi- 
ronmenfs in fhe cenfral {R < 5 kpc) regions. 

• The nco facfor displays a decrease fowards fhe cenfer of each model galaxy, however, by 
a facfor fhaf is lower fhan whaf is observed in local spiral galaxies. 
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Tracing SFR on local and global scales 

SI GAME is expanded and adapted in order to model [Cll] - the fine-structure line of singly 
ionized carbon (C’*'), fhereby being fhe firsf code fo simulafe fhe [Cll] emission reliably on kpc- 
scales in normal sfar-forming galaxies. [Cll] is f 5 rpically fhe sfrongesf cooling line in neufral 
ISM, and correlafes sfrongly wifh SFR on global and local scales, buf ifs origin is so far unclear. 
These are fhe major findings from applying SI GAME fo seven z = 2 sfar-forming galaxies from 
anofher simulation: 

• SI GAME is able fo reproduce fhe observed b[cii] -SFR relation of normal galaxies af z > 0.5. 

• The [Cll] emission fhaf originafes in molecular gas fends fo dominafe fhe fofal [Cll] lumi- 
nosify in fhe cenfral regions (f? < 1 kpc), buf confribufions from PDRs dominafe furfher 
ouf (f? ^ 1 — 2 kpc). The more diffuse Hll regions always confribufe wifh a negligible 
amounf. 

• On resolved (1 kpc) scales, an expression is provided for fhe SjcuJ'^sfr relafion. 

• The low scatter around fhe modelled L[cii]-SFR relafion in molecular gas owes fo a fighf 
correlafion between molecular gas amounf and SFR. On resolved scales, [Cll] confribu¬ 
fions from all ISM phases are increased af high mefallicify, buf whefher GMCs of PDRs 
dominafe fhe nef [Cll] outpuf depends on local pressure as well. PDRs can mainfain high 
[Cll] efficiency af low as well as high pressures, while GMCs require high pressures as 
fypically presenf in fhe cenfral regions of galaxies. 

• A weak frend is found between increasing mefallicify and decreasing global SFR/L[cii] 
ratio, buf fhe sfudy is hampered by a limifed range in mefallicify for our sample of galax¬ 
ies. On resolved scales, SFR/Ljcn] does increase towards fhe cenfer of each galaxy fo- 
gefher wifh mefallicify, as also observed in local spiral galaxies. 

Importance of AGNs in massive galaxies at z ~ 2 

The deep Chandra X-ray survey CDF-S is analysed, and AGNs of high and low X-ray luminosify 
are exfracfed via AGN classificafion mefhods, and slacking fechniques of non-defecfions, in X- 
ray. The galaxies invesfigafed come from a mass-complefe (af M* > 5 x 10^° Mq) sample af 
1.5 < z < 2.5 wifh stellar masses from fifs of stellar population S 5 mfhesis models fo fheir 
specfral energy disfribufion. By sfafisfical analysis, fhe following resulfs are obfained: 

• Among bofh sfar-forming and quiescenf galaxies, a similar fraction of 22 ± 5 % is found fo 
have resf-frame X-ray luminosifies (To.s-skev > 3 x 10^^ ergs“^) consisfenf wifh hosfing 
luminous AGNs. 

• An excess in X-ray-inferred SFR compared fo fhaf from infrared and ulfraviolef emis¬ 
sion for fhe slacked non-defecfions, converfs info even higher fractions of low- or high- 
luminosify AGNs among fhese. This fracfion is higher (70 — 100 %) among quiescenf 
galaxies fhan among sfar-forming ones (43 — 65 %). 

• Hof gas halos are rejected as pofenfial sources for fhe sfrong X-ray emission in fhe de- 
fecfed galaxies, based on fhe very limifed spatial exfenf of fheir X-ray emission. 

• The fracfion of luminous AGNs does nof depend on SFR nor stellar mass, suggesting fhaf 
external effecfs are friggering fhe AGNs. 
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Sammenfatning 


Det er et sandt puslespil at stykke galakse-udviklingen sammen ud fra observationer ved 
forskellige r 0 dforskydninger. For at lose puslespillet er det forst of fremmest afgorende at 
kende formen af brikkeme, dvs. den fysiske tilstand af galakserne - ikke bare af deres stellare 
del men ogsa af deres interstellare medium (ISM) og centrale sorte hul. Med dette mal for oje, 
bestar denne afhandling af folgende tre projekter: 

Maengde og fordeling af molekylaer gas i ISM af galakser 

Den spektrale linie energi fordeling (SLED; Spectral Line Energy Distribution) for CO molekylet 
er bestemt af hovedsagelig taethed og temperatur af den gas hvor linien udsendes fra, og ob¬ 
servationer af CO SLEDs kan derfor bruges til at bestemme tilstanden af den stjernedannende, 
molekylaere gas i ISM af galakser. Eor at kunne oversaette observationer af SLED'en til sa- 
danne gas tilstande, er detaljeret modellering nodvendig. Til det formal bliver en ny metode 
skabt og praesenteret her; Simulator of GAlaxy Millimeter/sub millimeter Emission (SI GAME). 
Denne metode kombineres med en kode for stralingstransport af millimeter of infrarod stealing 
(lime) for at kunne simulere CO linie emission, og ved at anvende SI GAME pa tre galakser fra 
kosmologiske simulationer, bliver de folgende konklusioner draget for massive galakser ved 
z ~ 2: 

• CO SLED'en minder om den lavt eksiterede SLED i Maelkevejen, i og med at den bar 
maksimum i CO(3 — 2), men de bar ogsa signifikant linie intensitet ved hojere overgange, 
hvilket ikke ses i Maelkevejen. 

• Globale aco faktorer ligger pa omkring 1 /3-del af Maelkevejens, nemlig fra 1.4 til 1.6 Mq 
pc“^ (Kkms“^)“^. 

• De totale CO(3 — 2) luminositeter er alle indenfor spredningen af sammenlignelige ob- 
serverede stjernedannende galakser ved rodforskydning z ^ 1 — 2.5, men til den lave 
side, hojst sandsynlig pga. relativt lave molekylaere gas masser i vores model galakser. 

• Radielle profiler af CO linie forhold viser at hver model galakse indeholder mere eksiteret 
gas i de centrale dele sammenlignet med laengere ude i disken. Dette er i overensstem- 
melse med observationer af lokale galakser og antyder at de centrale {R < 5 kpc) omrader 
minder om de forhold man finder i ULIRGs (Ultra-Luminose Infrarode Galakser). 

• aco faktoren aftager mod centrum i galakserne som ogsa observeret, dog med et mindre 
relativt fald ift. til det man t 5 rpisk oberverer i lokale spiral-galakser. 
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Afdaekning af SFR pa sma og store skalaer 

S f GAME udvides og adapteres til at modellere [Cll]- fin-struktur linien fra enkelt-ioniseret car¬ 
bon (C'*’), og er dermed den forste kode til trovaerdigt at simulere [Cll] emission pa kpc-skala i 
normale stjernedannende galakser. [Cll] er t 5 rpisk den linie der kraftigst koler neutral ISM, og 
den skalerer med SFR pa globale savel som pa lokale skalaer. Men dens fysiske oprindelse i 
gassen er stadig uklar. Disse er de for sfe konklusioner, som SI GAME indfil nu bar forf fil pa def 
omrade: 

• SI GAME kan reproducere den observerede relation mellem i[cii] og SFR for normale 
galakser ved z > 0.5. 

• [Cll] emission udspringer hovedsageligf fra molekylaer gas i de cenfrale (f? < 1 kpc) dele 
af galakserne, men bidrag fra PDRs (Phofon Dominafed Regions) dominerer laengere ude 
{R > 1 — 2 kpc). Den mere diffuse Hll gas bidrager med neglicibel [Cll] infensifef. 

• Pa oplosfe (1 kpc) skalaer, opsfilles ef udfryk for S[cii] som funkfion af Ssfr- 

• Den lave spredning i L[cii] -SFR relafionen for molekylaer gas skyldes en faef sammenhaeng 
mellem molekylaer gas masse of fofal SFR. Pa oplosfe (1 kpc) skalaer er [Cll] emissionen 
sforre i omrader med relafiv hoj mefallicifef, men hvorvidf GMCs eller PDRs dominerer 
[Cll] budgeffef afhaenger ogsa af def lokale fryk. PDRs kan oprefholde hoj [Cll] 'effek- 
ficifef' ved lavf savel som hojf fryk, hvorimod GMCs kraever hojf fryk som f 5 rpisk kun er 
af finde i de cenfrale omrader. 

• En svag korrelafion findes mellem sfigende mefallicifef of affagende global SFR/L[cii] 
rafe, men def er svaerf af konkluderer nogef da vores galakser ikke spaender vidf nok 
i mefallicifef. Dog ser vi pa mindre skalaer af SFR/L[cii] rafen sfiger imod cenfrum af 
galakserne sammen med mefallicifefen, hvilkef ogsa er blevef observeref i lokale spiral- 
galakser. 

En vigtig rolle af AGNs i massive galakser ved s ~ 2 

Akfive galaksekerner (AGNs; Active Galactic Nucleui) af hoj og lav X-ray luminosifef afdaekkes 
i felfef CDF-S, der er blevef sfuderef i ronfgen med lang eksponering (4 Ms) af Chandra rum- 
observaforief. Gruppen af galakser som undersoges daekker fuldsfaendigf sfellar masser over 
5 X 10^° Mq ved 1.5 < z < 2.5. Ved brug af AGN klassificerings-feknikker (og opsummerings- 
mefoder for de galakser der ikke defekferes individuelf i ronfgen), opnaes de fol gende resul- 
fafer: 

• En brokdel pa 22 ± 5 % blandf sfjeme-dannende savel som blandf passive galakser, har 
X-ray lysfyrker svarende fil lyssfaerke AGNs. 

• En endnu sforre brokdel blandf de ikke-defekferede galakser, viser fegn pa af indeholde 
AGNs af lav fil hoj luminosifef, med hojere brokdel (70 — 100 %) blandf passive galakser 
sammenlignef med de sfjeme-dannende (43 — 65 %). 

• Grundef den rumligf koncenfrerede X-ray emission fra de undersogfe galakser, kan en ek- 
sfremf varm gas halo udelukkes som arsag fil X-ray emissionen i de defekferede galakser. 

• Brokdelen af lyssfaerke AGNs afhaenger ikke af SER eller sfellar masse, hvilkef fyder pa af 
eksferne fakforer spiller ind pa anfaendelsen af deres AGNs. 
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A 


Appendix to Chapter SI 


A.l Thermal balance ol the atomic gas phase 


As explained in § 4.3.2 we cool the initial hot SPH gas by requiring: 

PCR.HI = -^ions+atoms “1“ -^rec + Af_f. 


P CR.Hi is the heating rate of the atomic gas due to cosmic ray ionizations ( [Draine [Ml) : 

f Ccr.hA 

V 

(A.l) 


PcR.Hi =1-03 X 10 


V 10 


-16 


1+4.06 


le + O.O? 


1 / 2 ' 


erg cm ^ s ^, 


where Ccr.hi is the primary CR ionization rate of Hi afoms (defermined locally in our sim- 
ulafions according fo eq. 4.121, and Xe is fhe hydrogen ionizafion fracfion calculafed wifh a 
procedure kindly provided by I. Pelupessy; see also Pelupessy (2005). The ferm containing 
Xe in eq. jA.l accounts for fhe facf fhaf in highly ionised gas, elecfrons creafed by primary CR 
ionizafion have a high probabilify of fransferring fheir kinefic energy info heaf via long-range 
Coulomb scattering off free elecfrons. For low ionizafion gas, fhis ferm becomes insignificanf 
as a higher fracfion of fhe energy of fhe primary elecfrons goes fo secondary ionizafions or 
excifation of bound sfafes insfead of heafing. 

Aions+atoms IS the total cooling rate due to line emission from H, He, C, N, O, Ne, Mg, Si, 
S, Ca, and Fe, calculafed using fhe publically available code of Wiersma ef al. ( |2009) which 
takes Tk, uh and the abundances of fhe above elemenfs as inpuf. Wiersma ef al. '( [2009') compufe 
fhe cooling rafes wifh fhe phofoionizafion package CLOUDY assuming CIE. They also adopf 
a value for fhe mefa-galacfic UV and X-ray field equal fo fhaf expecfed af z ~ 2 (jHaardf & 
Madaul (2001). Af z ~ 2, fhe emission rafe of Hi ionizing radiafion is higher by a facf or of 


abouf ~ 30 fhan af z = 0 ( jPuchwein ef al.f 2015) , and fhus plays an imporfanf role in mefal line 
cooling calculafions. 

Arec is the cooling rate due to hydrogen recombination emission ([Draine 2011): 


Arec = aBnen-ii+{Err) ergs Cm 


-^s-\ 


(A.2) 
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Figure A.l Heating and cooling rates as functions of temperature for two SPH gas particles with [nn = 14.62 cm ^ , 
(CR = 4.02 X 10-I®s-I,a;e (Tk,spH = 8892 X) = 0.006] (left) and [riR = 0.09 cm-3, CcR = 3.92 x 10-i®s-F 
(^k.SPH = 5649 K) = 0.001] (right). In both cases the metal line emission is the main cooling agent. The left-hand 
side plot illustrates the case of an SPH particle of high gas density and metallicity, leading to relatively efficient metal 
line cooling and in a low equilibrium temperature of Tj; = 37 K. The right-hand side plot shows a case of lower density 
and metallicity causing less cooling by metal lines, hence a higher equilibrium temperature despite a slightly lower 
CR heating rate. The dashed vertical lines in the two panels indicate the original SPH gas temperatures of the SPH 
particles, and the solid vertical lines mark their final equilibrium temperatures. 


where cts is the radiative recombination rate for hydrogen in the case of opfically thick gas in 
which ionizing photons emitted during recombination are immediately re-absorbed. We adopt 
the approximation for as given by Draine (2011|: 


CtB = 2.54 X 10-137)(-0-8163-0.02081nT4) 


(A.3) 


where is defined as Tk/10**^K. The densify of ionised hydrogen, nn+z is sef equal fo fhe 
elecfron densify, Ug, and E^r is fhe corresponding mean kinefic energy of fhe recombining 
elecfrons: 

(Err) = [0.684 - 0.0416 lnT 4 ] feeTk ergs. (A.4) 

Af_f is fhe cooling rafe due fo free-free emission from elecfrons in a pure H plasma (i.e., free 
elecfrons scaffering off H^"), and is given by (Draine 2011 : 

Af_f = O.SlT^'^^/csTkrieiiH+ctB ergscm“^s“^, (A.5) 


(Draine 2011 


where fhe recombinafion rafe, as, is calculafed in fhe same way as for Arec- 

Figure [AA] shows fhe above heafing and cooling rafes perfaining fo two example SPH par¬ 
ticles with similar initial temperatures 10*^ K). Because of differenf ambienf conditions (i.e., 
nui/ Xe, Z', and Ccr) the equilibrium temperature solutions for the two gas particles end up 
being significantly different. 


A.2 Thermal balance ol the molecular gas phase 


As described in Section 4.3.4 sfGAME assumes that the molecular gas resides exclusively in 
giant molecular clouds that have Plummer radial density profiles (i.e., given by eq. EH)- 
Throughout the clouds the gas temperature is solved for according to the heating and cool¬ 
ing equilibrium requirement Ppe -I- rcR.H^ = Ars + Aco + Aqu -I- Aoi+Agas-dust (eq. |4.14[ . 
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rPE is the heating rate of the gas due to photo-electric ejection of elecfrons from dusf grains 
by FUV photons, and is given by ([Bakes & Tielens| 1994||: 


hpE = 10 ^^eGo.attnn ergs cm ^s 


-3 „-i 


(A.6) 


where Go,att is fhe local affenuafed FUV field in Habing unifs, derived following eq. 4.13 and 
e is fhe heating efficiency: 
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-2 
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1 + 4X 10-3(Go,attTOVne)O-73 

3.65 X 10-2 
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where Ug is fhe elecfron densify, calculafed as XgUB., wifh Xg again calculated using fhe proce¬ 
dure of I. Pelupessy. 

FCR.H 2 is the heating rate by cosmic rays traveling through molecular gas (jStahler & Falla 
2005) : 


rcR.Hj = 1-068 X 10 


-24 


CcR.Hs 

10-16 


)( 


n-H. 


103 cm 


-3 


ergs cm 3 s 1 


(A.8) 


where CcR.Ha is the local CR primary ionization rate of H 2 molecules, which is approximately 
1.6x higher fhaf of Hi atoms ([Sfahler & Palla 2005). 


Ah 2 is the H 2 line cooling rate, and we use the parameterization made by Papadopoulos 


et al. (2014) that includes the two lowest H 2 rotational lines (S(0) and S(l), the only lines excited 


forTk < 1000 K): 


Ah, =2.06 X 
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where Rin is defined as: 


Rio — 26.8 r, 
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and no ~ 54 cm 3 and ni ~ 103cm 3 are the critical densities of fhe S(0):2-0 and S(l):3-1 
rofafional lines. Top is fhe orfho-H 2 /para-H 2 ratio (sef to 3 which is fhe equilibrium value). 

For fhe cooling rates due to fhe [C ll]158 pm and [O l]63 pm-i-146 pm fine-sfrucfure lines we 
adopf fhe parameferizations by Rollig ef al. (|2006). The C ll cooling rafe (Acn) is: 


Acii =2.02 X 10-24nZ' 


(A.ll) 


1 (1 1300/nH) 


-1 


ergs cm 3 s 1 , 


where a carbon fo hydrogen abundance rafio fhaf scales wifh mefallicify according to X[c] = 
1.4x10-4 Z'is assumed. For fhe parameterization of fhe OI cooling rate (Aqi = A63;,m+Ai46^m) 
we refer fo eqs. A.5 and A.6 in Rollig ef al. (20061 and simply note fhaf we adopf (in accordance 
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Figure A.2 Equilibrium heating (red curves) and cooling (blue curves) rates of the gas as functions of H 2 density for 
two different GMC models with [moMC = 10^ ^^ 0 / = 1/ Go = 27, CcR = 1-35 x 10“^® s“^, Pext = 10^ Kcm“® ] 

(left) and [moMC = 10"^ Mq, Z' = 63, Gq = 1, CcR = 5 x 10“^^ s“®, Pext = Kcm~® ] (right). In the case of high 
FUV and CR radiation fields but low metallicity (left), the heating is dominated by cosmic ray heating (red solid) in 
the inner region (nH 2 ^ 1500 cm“®) and photoelectric heating (red dotted) in the outer region. Cooling is dominated 
by gas-dust interactions (blue dashed) in the inner region (nH 2 S) 10000 cm“®) and by [Cll] as well as H 2 line cooling 
(blue long-dashed and dotted) in the outer region. In the opposite case of low FUV and CR radiation fields but high 
metallicity (right), the same heating and cooling mechanisms are dominating the energy balance throughout the cloud, 
except in the inner region, where cooling by CO line emission (blue solid) is more important than it is in the case of 
low metallicity. 


with Rollig et al. 2006 1 an oxygen to hydrogen abundance ratio of X[o] = 3 x 10 ^ Z' 


Aco is the cooling rate due to CO rotational transitions. We use the parameterization pro¬ 
vided by Papadopoulos & Thi ( |2013| : 




— Q _1 

cm s , 


(A. 12) 


where xco/X[C] is the relative CO to neutral carbon abundance ratio, the value of which we 
determine by interpolation, assum ing that xco/X[C] = (0-97,0.98,0.99,1.0) for riHa = 5 x 
10^, 10^, 10^, 10® cm“®, respectively ( [Papadopo^os & Thi} 2013 1 . 

Agas-dust is the cooling rate due to gas-dust interactions and is given by (jPapadopoulos 

^tlLl|20T^ : 

Agas-dust = 3.47 X 10“®®nH^\/ll(^k - Idust) ergscm”® (A.13) 

where the dust temperature (Tdust) is calculated using eq.|4.15|(Section[4.3.4|. 


A. 3 GMC MODELS 


Each SPH particle is divided into several GMCs as described in §4.3.4 and we derive the 
molecular gas density and temperature within each from three basic parameters which are SFR 
density, GMC mass, mcMC/ arid metallicity, Z'(Zq. Derived from these basic parameters are 
the far-UV and cosmic ray field strengths, the H 2 gas mass fraction of each SPH particles, as 
well as the GMC properties used to derive the CO excitation and emission; H 2 density and 
temperature. Histograms of the basic parameters are shown in Figure [A3} while properties 
derived thereof can be found in Figure[A~4| 
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Figure A.3 Mass-weighted histograms of the basic parameters of the GMCs in G1 (red solid), G2 (green dashed), and 
G3 (blue dotted). From top left and clockwise: the local far-UV field (Go) (and CR ionization rate since CcR G'o)/ 
GMC mass (mcMc)/ metallicity (Z') and external pressure (Pext)- Black vertical lines indicate the Go, mcMC/ / 
Pext-values for which curves were calculated (see Figure [A!^ - a total of 630 GMCs which make up our grid 

GMC models. Each GMC in the galaxies is assigned the curve of the GMC model at the closest grid point. 
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Figure A.4 Kinetic temperature versus H 2 density curves for 80 out of the 630 grid model GMCs that spa n the full 
(Go, Mgmc, ^0 parameter space set by and marked on top of the distributions in Figure|A.3|(see also Section|4.3.4| for 
a pressure of Pext = 10^ Kcm“®. The grid model most often assigned to GMCs in G1 is indicated by the red dashed 
curve in the highlighted panel and corresponds to Go = 7.0 (CcR = 3.5 x 10“^® s“^), logmoMc/M© = 4.25, and 
Z' = 3.2. In general, higher metallicity (from top to bottom) leads to more cooling via emission lines of ions, atoms 
and molecules, and hence lower temperatures. On the other hand, higher UV and CR fields (from left to right) cause 
more heating and therefore higher T]j. The decreasing trend of Tj; with higher values of nua is mainly caused by the 
gradual attenuation of the UV field as one moves into the cloud. The 'bump' at ~ 10® — 10^ cm“® corresponds 
to the transition from CII line cooling to the less efficient CO line cooling at higher densities. At densities above 
nH 2 = 10^ cm“®, gas-dust interactions set in and eventually cools the gas down to the CMB temperature in all GMC 
cores. 
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Figure A.5 CO SLEDs obtained with LIME for the 80 model GMCs whose curves are shown in Figure 

The CO SLED used most often in G1 is shown as the red dashed curve in the highlighted panel. These CO SLEDs were 
made for a fixed external pressure of Pext /^b = 10^ cm“® K and a default Plummer density profile. 
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Figure A.6 CO SLEDs obtained with LIME for the same [Go,.^'] values as shown in the panels of Figure 
Plummer density profiles with power-law index —5/2 (solid curve) and —7/2 (dashed curve). In all panels, the external 
pressure has been fixed to Pext/^B = 10^ cm“^ K and the CMC mass to moMC = 10^'^® Mq. 
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Figure A.7 CO SLEDs obtained with LIME for the same [Go,^'] values as shown in the panels of Figure A.5 for 
fext/^B = 10^ cm“® K (solid curves), 10®® cm~® K (dashed curves), and 10®® cm“® K (dot-dashed curves). In all 
panels, the CMC mass is fixed to lO"^-^® Mq. Higher pressure environments are seen to lead to a decrease in luminosity 
for all transitions. 
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A. 4 Testing sigame on MW-like galaxies 


As a benchmark test, SIGAME was applied to galaxy simulations at 2 ; = 0 with properties 
similar to those of the MW. The reasoning here was that since much of fhe sub-grid physics 
adopfed by sfGAME relies on empirical relations observed in the MW (e.g., the GMC mass 
spectrum index), the method ought to come close to re-producing the observed CO properties 
of spiral galaxies, such as our MW, in fhe local universe. 

The fhree galaxies (hereaffer denofed MWl, MW2, and MW3 in order of increasing SFR) 
were selecfed from a more recent version of fhe SPH simulation described in Secfion ll^ The 
properfies of MWl, MW2, and MW3 are lisfed in Table 
~ 2 — 6 of fhe sfellar mass (M,^mw = 6x 
Chomiuk & Povich 2011^ of fhe MW. 

pi) 


r©. 


A.l 


McMillan 


and are seen fo be wifhin a facfor 
2011 1 and SFR (1.9 ± 0.4 Mq yr“^; 


The sfeps ouflined in Section 4.3.1 (and furfher described in Secfions 4.3.2 


fo 


were 


followed, buf wifh two minor modifications: 1) fhe CMB femperafure af z = 0 was sef fo 
2.725 K rafher fhan 8.175 K used af z = 2, and 2) fhe resolved FUV fields of our MW-like model 
galaxies span a range below fhaf seen in our z = 2 model galaxies (cf. Figure [A3) meaning fhaf 
fhe Go paramefer values for our GMC grid had fo be adjusfed correspondingly. The following 
Go grid poinfs were chosen: [0.05,0.1,0.15,0.1,0.2,0.4,0.6,0.8,1.0,1.2] Habing. 



slighfly smaller in size and sfellar mass fhan fhe MW, whereas M 83 is more massive and sfar- 
forming fhan fhe MW. The dispersion in observed CO SLEDs among fhe MW, M83, M51 and 
ofher local galaxies, allows for a large range in normalizafion and shape of fhe CO SLED wifhin 
which our model galaxies find fhemselves. 

The CO line luminosifies of fhe MW lie roughly in fhe range spanned by fhe CO SLEDs 
of MW2 and MW3 up fo and including J^p = 4, buf significanfly above fhaf of MWl. Eor 
the higher J transitions the line luminosities of our simulafions drop off more rapidly fhan fhe 
MW, meaning fhaf our model galaxies have lower luminosifies compared fo fhe MW (and ofher 
local galaxies of IR luminosifies wifhin 20% from fhat of fhe MW; long-dashed orange lines) af 
Jup > 4. This suggesfs fhaf our simulafions are missing a warm/dense componenf which is 
required fo significanfly excife fhese high-J lines. The agreemenf befween fhe CO SLED of 
MW2 and fhaf of M51 is good af low fransifions (Jup < 6), which is encouraging given fhaf 
fhe two galaxies have nearly identical SER and M*. At higher J values, the CO SLED of M 51 
has an excess of CO emission when compared with MW2, corresponding to a warm gas phase 
not captured by our models. This warm phase is more pronounced in signature when looking 
at the CO SLED of M83, the line ratios of which are above our model galaxies for all Jup > 2. 
Our models MWl, MW2 and MW3 only agree in CO luminosity with M 51 at the Jup = 4 and 
5 transitions. 


As for brightness temperature ratios (see middle panel) of our simulated MW-like galaxies 
only agree with the MW within the observational errors at CO(4—3), and other wise display 
a CO SLED shape noticably different from the MW. Where our model galaxies peak at the 
CO(3—2) transition in velocity-integrated intensity (see bottom panel), similar to M 51, the MW 
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Table A.l Properties of the three 2 = 0 MW-like galaxies (MWl, MW2, and MW3) used to benchmark SIGAME. 



SFR 

[Mq yr-i ] 

M* 

[101® Mq] 

Msph 

[101® Mq] 

/sPH 

Z' 

-^cut 

[kpc] 

MWl 

2.2 

0.97 

1.17 

55% 

2.07 

20 

MW2 

4.1 

3.12 

1.27 

29% 

3.31 

20 

MW3 

6.2 

3.83 

1.69 

31% 

3.90 

20 


Notes. All quantities are determined within a radius Rent, which is the radius where the cumulative radial stellar 
mass function of each galaxy becomes flat. The gas mass (Msph) is the total SPH gas mass within i?cut ■ The 
metallicity (Z' = ZJZq) is the mean of all SPH gas particles within i?cut. 


and M83 peak at CO(4—3). However, nowhere do the simulated line ratios differ by more fhan 
a factor of 2. 

The molecular gas masses of MWl, MW2 and MW3 are 4.6, 5.4 and 8.5 x 10® Mq, respec¬ 
tively, significanfly above (1.0 ± 0.3) x 10® Mq for fhe MW (Heyer & Dame 2015[ |. The corre¬ 
sponding global (i? < 20kpc) cteo factors are 13.6, 7.7 and 7 .OM 0 pc“® (Kkms“^)“^. For fhe 
inner disk {R < lOkpc) of fhe MW, oco.mw — 4.3 ± O.IMqpc”^ (Kkms“^)“^ (e-g-/ Sfrong & 


Maffox 1996 Dame ef al. 2001 Pineda ef al. 2008} Bolaffo ef al. 2013[ |. However, f 5 rpically 


fhe measuremenfs of oco iir the MW do not probe the central (< 1 kpc) region. Excluding the 
central R < Ikpc region and going out to i? = 10 kpc, the aco factors of MWl, MW2 and 
MW3 are 11.6, 6.9 and 6.2 Mq pc“® (Kkms“^)“^, i.e. factors of 2.7, 1.6 and 1.4 above aco.R 
respectively 


I,MW/ 
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Figure A.8 Global CO SLEDs of our three model galaxies MWl, MW2 and MW3 shown as red (dashed), green (dash- 
dot) and blue (dash-dot-dot-dot) curves, respectively, selected to represent the MW in terms of stellar mass and SFR. 
The SLEDs are given as absolute line luminosities in units of Kkm s“^ pc“^ (top panel), as brightness temperature 
ratios normalised to the CO(l—0) transition (middle panel), and as velocity-integrated intensity ratios normalised to 
CO(l—0) (bottom panel). The observed global CO SLED of the MW is shown in grey jFixsen et al.||1999), and global 
CO measurements of the local sta r-forming galaxy M 5 1 are displayed with triangles. The CO observations for M51 
are from|Vlahakis et al.H2013| and|Hughes et al.|j2013|. Also shown, with long-dashed orange lines, are observed CO 
SLEDs ot local galaxies with IR lurninosities within 20% of that of the MW jKamenetzky et aL]|2015|. 
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Appendix to Chapter IS 


B,1 Density of singly ionized carbon 


The strength of the [Cll] emission from any gas phase depends on fhe fraction of fofal carbon 
afoms fhaf are singly ionized, fcu- For calculafing fcn, we chose fo employ fhe microphysics 
code CLOUDY vl3.03, fhaf simulfaneously solves fhe equafions for sfafisfical and fhermal equi¬ 
librium for a wide range of optional elemenfs. We sef up CLOUDY fo work on a small parcel of 
gas wifh a single femperafure and a consfanf densify across ifs volume. The incidenf radiation 
field on fhe gas parcel is sef fo fhe local intersfellar radiation field, as provided by CLOUDY, buf 
scaled by a factor (in practice, our Go). In addition, a cosmic ray ionization rafe can be specified 
in unifs of s”^. 

As a fesf fo judge whefher we are using CLOUDY correcfly, fhe fraction of Civ, few, as 


a function of densify and femperafure was compared fo fhe work of Oppenheimer & Schaye 
( j2013| l by reproducing fheir CIV fractions af z = 1 for a Haardf & Madau ( [2001 1 background 
radiafion field. This comparison is shown in Fig. B.l wifh plofs of fhe CIV abundance (rela- 
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Figure B.l A comparison of fciv as calculated by Oppenheimer & Schayej 2013 using CLOUDY vlO.OO (left) and by 
SI GAME using CLOUDY vl3.03 (right). In both cases a Haardt & Madau 2UUb background radiation field (embedded in 
CLOUDY) at 2 = 1 was used together with solar abundances. A good agreement is seen, in particular with decreasing 
/civ towards high densities and low temperatures, where carbon exists in lower ionizational states such as ClI, see 
Fig.|B.2|below. 
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Figure B.2 Maps of fcu as function of gas temperature and hydrogen density made with CLOUDY vl3.03 as part of 
the grid used in sf GAME to derive Xe and fcn m the ISM. Top row: For three values of Go (and fcR fixed at s“^). 

Bottom row: For three values of CcR (with Go fixed to 1 Habing). Note how /cn drops at T]^ > 10® K in all cases, and 
depends on f c while being largely insensitive to changes in Go. 


five to the total number of carbon atoms) as a function of hydrogen densify and kinefic gas 
femperafure. A good agreemenf wifh fhe figure of Oppenheimer & Schaye| ( 2013[ l is achieved 
when using fhe build-in Haardf & Madau 2005 background of CLOUDY ('HM05' command in 
CLOUDY, including galaxies and quasars buf nof fhe CMB) af z = 1 fogefher wifh defaulf solar 
abundances. 


In order fo keep fhe compufing fime of SI GAME low, we sef up a grid in [riH/ 21, IcR/ 
Go ] and calculafed fcn wifh CLOUDY for each grid poinf. Though mefallicify and element 
abundances (of C, O, Si and Fe) are followed in our simulafed galaxies, we chose fhe defaulf 
solar composifion fhaf comes wifh CLOUDY for fhe sake of having fewer paramefers in fhe 
grid. Visualizafions of fhis grid are shown in Fig. B.2 for fhree values of Go (and IcR fixed af 
10 “^^s“^, close fo fhe adopfed Ccr.mw = 10 “^^s“^) in fhe fop row and fhree values of Ccr 
( with Go fixed fo 1 Habing, close fo Go.mw = 0.6 Habing) in fhe boffom row. As can be seen, 
/cii does nof seem fo depend af all on Go, buf much more on fhe infensify of cosmic rays. 
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Figure B.3 A comparison of CLOUDY and the method described in Pelupessy 2005 for deriving Xe as a function of 
electron temperature, T®, at a density of nn = 2 x 10® cm“®. The two methods agree about the shape of increasing 
Xe with T®, including the sharp rise at Tj; ~ 10^ K due to Balmer lines. The P05 method does not include ionization 
by the FUV radiation field, meaning that it takes the same shape in each panel. Note that Xg rises above 1 due to the 
inclusion of other elements than hydrogen, that can contribute to the electron number. 


B.2 Electron fraction 


In order to be consistent with the calculation of fcu, we also decided to calculate the electron 
fraction, Xe, with CLOUDY vl3.03 rather than the method of Pelupessy ( |2005| (P05) used in fhe 
previous Chapfer|^ Fig. |B.3| shows how CLOUDY and fhe P05 mefhod compare as a funcfion 
of elecfron femperafure af a densify of nn = 2 x 10® cm“®, for differenf combinafions of in- 
fersfellar radiafion field (Gq) and cosmic ray ionization rate (Ccr)- The P05 method is aimed 
for application in fhe inferior of GMCs and fherefore only considers ionizafion by cosmic rays 
that are expected to dominate the ionization of hydrogen, whereas CLOUDY fakes Go and 
as separafe variables. 

Furfhermore, P05 mefhod does nof depend on densify, whereas fhe calculation wifh CLOUDY 


does. Fig. B.4 gives fhe same comparison as fhe previous figure, buf for a lower densify of 
riH = 100 cm“®, where CLOUDY derives much larger elecfron fractions fhan fhe P05 model. 
This is expecfed, since af low densities, fhe gas is less shielded from fhe incidenf radiafion 
field. We fherefore consider fhe inclusion of fhe CLOUDY, wifh ifs sensifivify fowards Gq and 
riH, an improvemenf of SI GAME wifh respecf fo fhe elecfron fraction. 


B.3 [Cll] EXCITATION AND EMISSION 

The cooling and heating mechanisms relevanf for fhe generation of [Cll] emission are fhe same 
as fhose employed in Chapfer|^ and described in Appendix ] A. ifA^ buf we summarize fhem 
in Table lB.l] 

For a fwo-level sysfem such as [Cll] embedded in a radiafion field wifh energy densify U 
af fhe fransifion frequency, fhe general rafe equation governing fhe populafion levels can be 
written as: 

nu _ BiuU + Ciu _ gBuiU + gKCui 
ni Aui + BuiU + Cui Aui + BuiU + Cui 

where Aui (= 2.3 x 10“® s“^) is fhe sponfaneous emission rafe, and B^i and Biu are fhe sfimu- 
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Figure B.4 Same as Fig. B.3 but for a density of nn = 100 cm 


Table B.l Provides a summary of the various heating and cooling mechanisms adopted in the molecular and atomic 
gas regions of our GMC models, along with the physical quantities on which they depend. 


Process 

Gooling and Heating Rafes in GMC Models 

Paramefers Reference 

PpE 

Phofo-elecfric heating 

Gq/ T]^, tIq, tzh 

Bakes & Tielens 1 1994 

PCR.HI 

Cosmic ray heating in atomic 
gas 

CCR/ ’^Hl/ Xe 

Uraine (j2(Jll i 

PcR.Ha 

Cosmic ray heating in molecular 
gas 

CCR/ «H2 

Stabler & Palla (2005 

Ah2 

H2 line cooling 

nH2/ Tk 

Papadopoulos et al.'|2014i 

Aoi 

Ol line cooling 

nn, Tk 

Rolligetal.(2D06J 

Acii 

[Cll] line cooling in ionized gas 

Go, Tk, riH/ Kc, cTy 

Goldsmith et al. ^2012 1 


Note. The most important references are given, and we also refer to|01sen et al.H2015[ for a detailed description. 


lated emission and absorption rate coefficients, respectively ( [Goldsmith et al. 2012| . Here we 
have invoked detailed balance, i.e. Bi^U = gBuiU and Ciu = gKCui, where g (= gu/gi) is the 
ratio of fhe sfafisfical weighfs and K = _ g-9i.25K/Tk yyg then write the fraction 

of C+ in fhe upper level, /„, as: 


nu _ 1 

n-i + riu ^ + 1 

gBuiU + gKCui 

Aui + (1 + g)BuiU + Cui + gKCui 

_ gK + gBuiU/Cui _ 

1 + gK + AuijCui + (1 + g)BuiU/ Cui 


(B.2) 


In general, U = (l—/3)C/(Tex)+/3G('?bg), where t7(T'bg) is fhe energy densify from a background 
field (e.g. CMB or radiation from dusf), and /3 is fhe escape probabilify fraction af fhe [Cll] 
frequency (see also Goldsmifh ef al. 2012|. We shall ignore any background, however, in which 
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case we can write the stimulated downward rate as: 


BuiU = 


(1 - /3)A„z 

j-91.25K/Tex _ X ’ 


and the excitation temperature as: 


S-91-25K/T»=if 1 + 




a 


ul 


(B.3) 


(B.4) 


see |Goldsmith et al.| (2012l. For the escape probability we assume a spherical geometry with a 
radial velocity gradient proportional to radius, such that /3 = (1 — exp(—T))/r. In calculating 


the integral in eq. 6.18 we split the integral up into 100 radial bins of thickness AR (see Section 
6.51, and we approximate the optical depth in each such bin with that of a homogeneous sfafic 
slab of gas of fhickness AR ([Draine 2011[|: 




gi 4(27r)3/^j23cr, 


-niAR 1 - 


nugi 


(B.5) 


where (t„ is fhe gas velocify dispersion, which is calculafed according fo eq. 6.5 for fhe PDR 
and molecular gas regions in fhe GMCs, and is sef fo fhe local velocify dispersion in fhe SPH 
simulation in the case of fhe ionized clouds. We use eqs. |B.2 |B.3 B.4 and B.5 fo iferatively 
solve for consisfenf values of fu and /3 in each AR bin. This is done by firsf assuming opfically 
thin emission (/3 = 1) in order to get an initial estimate of /„ (eq. |B.2| , which is subsequenfly 
used fo calculafe r and (3 (eq. [ 


and from fhaf Tex and BuiU (eqs. B.4 and |B.3| , efc. Once 
consisfenf values for and t have been reached, we calculafe fhe fofal cooling rafe according 


fo eq. 6.19 This cooling rafe is used fo defermine fhe fhermal balance af various poinfs within 
the GMGs as well as the [Gll] emission from fhe ionized clouds as described in Secfion [63| We 
emphasize fhaf our mefhods assumes fhaf fhe [Gll] emission from fhe different AR bins within 
a cloud is radiatively de-coupled, and that the total [Gll] emission from a cloud is fherefore fhe 
sum of fhe emission from each bin. 


As explained in Secfion 6.5 [Cll] is collisionally (de)excifed by H 2 in fhe molecular phase, 
by e~ and Hi in fhe PDR region, and by e~ in fhe ionized gas. For a single collision partner the 
collision rates are equal to the density (n) of fhe collision parfner times the rate coefficients, i.e., 
Cui = nRui and G/„ = nRiu- In case of two collision parfners we have Cui = niRui,i + n- 2 Rui ,2 
and Ciu = niRiu^i + n 2 Riu, 2 - Fig. B.5 shows fhe [Cll] deexcifation rafe coefficienfs fhaf we 
have adopfed in our work for collisions wifh e~ H I, and H 2 as a funcfion of femperafure. For 
collisions wifh elecfrons, we adopf fhe following expression for fhe deexcifation rafe coefficienf 
as a funcfion of elecfron femperafure (Tg): 


R^i{e-) = 8.7 X 10"®(re/2000K) 




(B.6) 


which is applicable for femperafures from ~ 100 K fo 20,000 K (|Goldsmifh ef al. 

2012 

1 . Af 

femperafures > 20,000 K we sef Rui (e ) '^ ° (IWilson & Bell 

2002 

Langer ef al. 

2015 

1 . For 


fhe PDR gas, fhe elecfron densify is calculafed using GLOUDY and fhe elecfron femperafure is 
sef fo fhe kinefic femperafure of fhe gas (calculafed according fo eq. For fhe ionized gas 

we assume Ug = nun, i.e., Xg = 1, and fhe elecfron femperafure gas is sef fo fhe SPH gas kinefic 
femperafure (see Secfion 6.4.2|. For fhe deexcifafion rafe coefficienf for collisions wifh Hi we 
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use the analytical expression provided by Barinovs et al. (2005 1 and shown as the dotted curve 
inFig.|B3| 


= 7.938 X 10iiexp(-91.2/Tk) (l6 + 0.3441/7]^ - 47.7/Tk) cm^s-h 


(B.7) 


While Barinovs et al. ( |2005| cites an application range for the above expression of 15 K < 21 < 
2000 K, a comparison wifh i?uz(H l)-values found by |Keenan ef al. (19861 over fhe femperafure 
range lOK < Tk < 100,000 K shows fhaf eg. |B.7| provides an excellenf mafch over fhis larger 
femperafure range (Fig. |B.5| . For collisions wifh H 2 we follow Goldsmifh ef al. ( |2012| and 
assume fhaf fhe collision rafe coefficienfs are approximafely half fhose for collisions wifh FI 
over the relevant temperature range for fhe molecular gas, i.e. Rui{ii 2 ) = 0.5 x 


cr 
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Figure B.5 [Cll] deexcitation coefficients {Rui) as a function of temperature for collisions with e~ (dashed line), HI 
(dotted line), and H 2 (solid line and diamonds). The curves are thicker over the temperature ranges where they are 
formally applicable. The blue, orange, and red rectangles indicate the temperature range encountered in the ionized, 
atomic, and molecular phase in our simulated galaxies, respectively (see sections[6.4.1|and|6.4.2|. 
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